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ABSTRACT
This dissertation explores criticalities that arise in a freight transportation
network for the multi-regional economically active province of Ontario, Canada. A
significant economic contributor and generator of freight trips, Ontario relies on its
transportation system for the movement of goods. A combination of network
performance and economically driven measures are used to evaluate the impacts of
link disruptions, identify criticalities in the network, and produce a more holistic
view of freight transportation activities. The Network Robustness Index (NRI) is
applied to capture the impacts of travel conditions on the network due to link
disruptions. A methodology is introduced for estimating industry-level freight
demand and shipment value flows to ascertain the economic importance at the
link-level. Major trade routes, including the Montreal-Windsor corridor along
Highway 401 and highways leading to major border crossings with the United
States, as well as highways in the Toronto region and links to northern Ontario
consistently appear critical in the analysis. In combination, these measures are
useful for developing a framework for assessing the effectiveness of proposed
infrastructure improvements in mitigating the impacts of critical link failures.
The first chapter of the research presented in this thesis is dedicated to
evaluating the effectiveness of the NRI to capture the impacts of link disruptions
with respect to freight activity. Chapter 2 employs a sensitivity analysis to explore
the network-wide impacts of increasing degrees of disruption on six segments
deemed critical due to their frequency of use as part of shortest-path routes
between origins and destinations. While the most severe impacts are noted closer
to the disrupted network segments, complete link failures or closures along heavily
traveled routes appear to have significant impacts through the network as freight
and passenger flows must reroute. To better capture the nature of freight activity
for the entire province of Ontario, Chapter 3 applies the NRI to each of the
network’s 35,254 links, simulating traffic assignments for the province’s freight
demand to note the impact that each link’s failure has on network conditions.
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Chapter 4 adds the economic perspective by introducing a methodology for
disaggregating freight flows into six mutually exclusive industry categories,
following the assumption that spatial interactions will vary among different
industries due to the nature of the goods carried and their respective markets.
Additionally, the average shipment value is estimated for each industry group to
illustrate the economic importance of network links, given by the value of goods
they carry. This analysis allows for a better understanding of the economic
activities of freight being undertaken in the province. A set of highly critical
portions of the network are highlighted consistently.
Finally, these measures are brought together in a framework, where
network criticalities are compared to the locations of proposed infrastructure
improvements. A comparison is made among four highway expansion segments
planned along highly critical portions of the network, evaluating the resulting
impacts of these improvements with respect to operating conditions on the
network, economic throughput, and greenhouse gas emissions.
Each chapter of this research proposes policy guidelines meant to identify
network criticalities, mitigate the negative impacts of critical link failures, and
compare the effects of proposed infrastructure improvements and investments. The
goal of these policy guidelines is to ensure that the maximum benefit is achieved,
both in terms of network conditions, as well as with respect to promoting
economic productivity.
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CHAPTER 1
INTRODUCTION
1.1 Preface
Freight transportation is a vital component to a nation’s economic productivity
and a reliable road network is essential to facilitate the timely movement of goods and
services. Disruptions of network segments can lead to severe negative impacts, not only
through the emergence of congestion and its associated effects on travel time increases,
road wear, emissions, etc., but also through decreased economic productivity and
monetary penalties due to freight delays. As the home of North America’s three busiest
border crossings (Maoh et al., 2016), North America’s busiest highway (Dawood et al.,
2007), and Canada’s largest vehicle producing region (Anderson et al., 2019), the
province of Ontario, Canada is heavily reliant on dependable freight activity. Ontario is
Canada’s largest province by population (Statistics Canada, 2017) and, as illustrated in
Figure 1-1, its population is projected to continue growing, especially in larger urban
regions (Ontario Ministry of Finance, 2020). Trucking is a major industry contributor,
responsible for hauling 90% of consumer goods in the province with over 200,000 trucks
on the road on a typical day (Ontario Trucking Association, 2021).

Figure 1-1 Historical and Projected Population Growth in Ontario
Source: Ontario Ministry of Finance (2020)
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The government of Ontario as well as other jurisdictions around the world are
highly interested in ensuring that transportation activities under their purview continue
unimpeded and economic productivity is encouraged. Infrastructure investment has been
shown to produce a socioeconomic rate of return of around 20%, where every dollar
invested leads to a GDP increase of 20 cents (Woetzel et al., 2016). The province’s
Ministry of Transportation (MTO) maintains databases of the conditions of the
infrastructure elements under its purview and must make informed decisions regarding
the prioritization of funds toward improvements and new investments in order to
maximize the benefits of these investments and ensure the wellbeing of the provincial
economy. Given Ontario’s unique centrality with respect to trade and the extent of this
transportation network, such decisions require detailed inputs and accurate forecasting
models. The aim of this dissertation is to present a framework for identifying criticalities
in the freight transportation network that incorporates both the travel-time impacts of
disruptions as well as their economic implications and allow for comparisons of the
effects arising from proposed improvements.
This chapter provides the context framing this research, exploring the nature of
economic activity in Ontario, the state of the transportation infrastructure, and the
implications to the research questions and objectives at hand.

1.1.1 Ontario’s Economic Performance
Ontario is a hub of economic productivity in Canada, contributing over one-third
of the nation’s Gross Domestic Product (GDP) (Statistics Canada, 2020a). Approximately
75% of Ontario’s export trade to the United States (US) is carried by trucks, as well as
two thirds of trade (by value) between Canada and the US, and Ontario receives over half
of US exports (Ontario Trucking Association, 2021). In the year 2011, trade flowing
between Ontario and the US totaled over $284 billion and Ontario’s exports to countries
other than the US amounted to approximately $40 billion (MTO, 2016). The MTO also
notes that approximately 38% of Ontario’s economy is derived from freight-related
activities. The role of freight movements is substantial, driving the provincial economy,
and generating considerable revenues and jobs.
2

Figure 1-2 illustrates the way in which Ontario’s economy has changed over the
past two decades with respect to employment at the industry level, while the current
market shares of employment and contribution to the province’s GDP by industry are
shown in Figure 1-3 using the same classification categories. The largest proportion of
employment can be seen in the Wholesale and Retail Trade sector, which seems to have
experienced a slight decline over the last two decades (Figure 1-2) and currently stands as
the third largest contributor to the provincial economy. Although the share of
employment in manufacturing is shown to have dropped since 1999, and this industry
category employs only about two-thirds the amount of Wholesale and Retail Trade, it
contributes a higher proportion of the GDP. The increasing automation of manufacturing
processes, especially automotive manufacturing that features prominently in Ontario,
explains this and highlights the role of this industry category to Ontario’s economic
productivity. These two sectors are expected to generate considerable amounts of freight,
as manufactured goods are transported to and from their production facilities, and retail
and wholesale goods are made available for consumption.

Figure 1-2 Percentage Change in Industry-Level Employment in Ontario from 1999 to 2019
Source: Ontario Ministry of Finance (2020)
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Figure 1-3 Market Share of Employment and GDP Contribution by Industry in Ontario, 2016
Produced Using Data Obtained from Statistics Canada (2020b, 2017)

Figure 1-2 also shows growth in the Transportation and Warehousing sector over
the last two decades. While this industry class is not one of the top employers, it does
serve a vital purpose, facilitating transportation services for many other industries,
including Manufacturing and Wholesale and Retail Trade. It should be noted, as well,
that the Transportation and Warehousing classification includes only for-hire carriers.
The establishments who own their own fleets for their freight transport activities, such as
large retailers, are not accounted for in this industry classification, although their freight
activities are not negligible. Exploring the breakdown of economic activity in Ontario at a
more disaggregate level allows us to better understand the freight activities taking place
and identify the criticalities that may arise.

1.1.2 Ontario’s Transportation Facilities
As of the year 2019, Ontario owns over $230 billion worth of infrastructure assets
(based on replacement cost). These assets include over 16,900 centreline kilometres of
highway and over 2,800 bridges, in addition to public transit facilities, educational
4

institutions, hospitals, courthouses, correctional facilities, and provincial police
detachments (Government of Ontario, 2019). Highways and roads comprise over half
(57%) of Ontario’s total public infrastructure stock. While transportation infrastructure
elements in some Canadian provinces are shown to be aging, Ontario, whose public
infrastructure amounts to approximately one-third of the country’s total, has the youngest
public infrastructure (Gagnon et al., 2008). As of the fall of 2019, over 3,600
infrastructure projects are planned within Ontario, representing a total capital cost of over
$50 billion. The 2019 budget for the province includes a commitment to $144 billion in
infrastructure investments over the next decade (Government of Ontario, 2019).
Ontario’s transportation network is essential to sustaining freight transportation
within the province’s regions, as well as trade with other Canadian provinces and the US.
The region of Peel, near Toronto, is referred to as the “freight village of Canada” and
belongs to the Great Lakes automotive manufacturing cluster, Canada’s largest vehicle
producing region (Anderson et al., 2019). Significant freight moves to and from this
region, especially relating to the manufacturing industries centred here. Peel is home to
Canada’s busiest and largest airport and one of the busiest multi-modal terminals in the
northern hemisphere, which services Canada’s two primary railway lines and several
major highways (Dewar, 2015). Highway 401 is known as North America’s busiest
highway for truck and passenger traffic. It traverses the southeastern border of the
province, serving as part of the Montreal-Windsor trade corridor and carrying freight
flows from the Port of Montreal into Ontario and onward to the US. Highway 401 leads
to the southernmost reaches of Ontario, to the Ambassador Bridge, North America’s
busiest border crossing for freight. The Ambassador bridge in Windsor, together with the
Blue Water Bridge in Sarnia, and the Peace Bridge in the Niagara region, carry over half
of all freight trade flowing between Canada and the US (Maoh et al., 2016). While the
majority of Ontario’s population is concentrated in its southern regions, a smaller subset
of highways also connects to the northern reaches of the province and provides a vital
link to essential consumer goods and services.

5

1.1.3 Network Criticalities
The importance of identifying and protecting critical network segments has been
of interest to transportation researchers for the past three decades. Urban congestion is a
pervasive issue even with a network that is not experiencing any disruptions. Estimates
for the costs due to congestion in the Greater Toronto and Hamilton Area (GTHA) alone
reach as much as $11 billion per year, accounting for the value of time of drivers on
congested roads and the lost wages due to congestion (Dachis, 2013). Network
disruptions, whether natural (e.g. weather events) or manmade (e.g. terror attacks) can
range from having a minimal impact on travel conditions to resulting in the complete
closure of network segments. The occurrence of disruptions can result in increased
congestion and delays on the affected segments, the rerouting of traffic to alternative
routes, which can lead to additional time losses as well as undue wear and tear of the
roadways. Increased congestion also generally leads to increases of pollutant emissions
from vehicles, especially heavy trucks. When considering freight, especially just-in-time
deliveries, delays can carry heavy monetary penalties and can derail entire supply-chain
processes (Ashrafi et al., 2017).
These and other factors have led to the development of various measures to
quantify criticality and identify the most susceptible portions of a network in order to
mitigate these negative effects. Jafino et al. (2020) review a list of existing criticality
metrics, which include changes in travel cost, travel time, user exposure to disruption
effects, traffic flow impacts, as well as various graph theoretical approaches (e.g.
betweenness centrality, network average efficiency, connectivity). The authors conclude
that some metrics represent similar effects and need not all be implemented. The selected
criticality metrics should correspond to the transport functionality of interest, data
availability, and policy intentions.
This dissertation presents a framework for identifying criticalities in the Ontario
transportation network with respect to a combination of link-level travel time impacts and
economic significance that can be used to inform policy decisions regarding
infrastructure improvements and investments. The Network Robustness Index (NRI) is
applied to capture the travel-time effects, as it simultaneously captures network topology
6

effects, origin-destination demand, and link capacity throughout the network. The NRI is
a link-level measure of the network-wide impact of a link’s closure and is calculated as
the difference in total network-wide travel time during traffic assignment scenarios of the
respective link’s closure and the undisrupted base case (Scott et al., 2006).
The remainder of this chapter presents four research objectives that are meant to
highlight various implications and considerations toward developing a framework to
characterize the large-scale, multi-regional transportation network in the province of
Ontario with an eye to safeguarding the freight activity that is so vital to the province’s
economic productivity.

1.2 Research Questions and Objectives
While existing literature presents a number of approaches and metrics for
identifying network criticalities, very few have been found for a transportation network
extending beyond an individual urban area or county, especially focusing on freight
activity. Likewise, while separate studies have explored different facets of criticality and
related metrics, the integration of traffic performance and economic measures is more
difficult to attain. Additionally, economic criticality with respect to freight flows has been
explored to date only using aggregate estimates, without industry-level granularity,
whereas different impacts are expected by industry classes. This is an important
consideration, since the economic activities of different industry groups are expected to
vary throughout the province and the associated criticalities may also differ. The research
presented in this dissertation aims to fill these gaps in knowledge by presenting a
framework that identifies criticalities on the basis of disruption impacts on both traffic
conditions and the value of freight present on the network. The framework outputs are
meant to provide a means for assessing the network segments whose disruption would be
most detrimental and those whose improvement would be most beneficial in order to
inform policy decisions and deepen our understanding of the complexities surrounding
freight activities. To this end, a number of research questions and objectives are outlined
below.
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1.2.1 Metrics for Quantifying Freight Network Robustness and Identifying
Criticalities
The Network Robustness Index (NRI) will be featured prominently in this
research as a measure for quantifying the travel-time impacts of network disruptions.
This measure is first explored to test its corroboration of previously identified
criticalities. The following research question is posed:
How can network criticality and related concepts be quantified and modeled?
Can we gain a deeper insight into the nature of criticalities already identified in the
province of Ontario?
This first question is aimed at defining the key concepts governing network
criticality analysis and contextualizing these concepts for the province of Ontario and its
transportation network. Informed by an existing research project identifying the portions
of the network that serve as part of the shortest path between the highest number of
origin-destination pairs, the NRI is applied in a sensitivity analysis on six selected
segments. The NRI is calculated in scenarios of incrementally reduced capacity on these
segments to observe the impacts of disruptions on freight activities centering on links
around the Toronto region and connecting to the northern reaches of the province. The
incremental scenarios show the NRI sensitivity of these critical segments.

1.2.2 Network-wide Characterization
Expanding from a scenario-based approach, the entire transportation network
must be characterized to ascertain the nature of freight truck activity for the province.
The research aims to answer the following question:
How can the entire Ontario transportation network be characterized using the
NRI? What insights do we obtain about link criticality that can be generalized to other
networks?
In order to inform the framework proposed in this research, a characterization of
the entire transportation network of links that can be traversed by freight trucks must be
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undertaken. Considering the extent of the Ontario network in comparison to an individual
metropolitan region or county, the computational requirements for a network-wide NRI
analysis are considerable. Such an analysis is presented and can serve as a baseline for
identifying criticalities. The modeling outputs reveal the network-wide impact on travel
time resulting from each link’s closure, giving valuable clues regarding the nature of
transportation activities in the province. Heavily traveled highway corridors and
connectors to more remote regions are likely to have more severe impacts on travel
throughout the province if they are disrupted. These findings form the basis for informing
policy decisions regarding infrastructure improvements and mitigation measures. The
nature of Ontario as a highly economically active multi-regional network also allows for
the generalized findings to be applied in contexts where an in-depth NRI analysis is not
feasible.

1.2.3 Industry-specific Economic Criticality
Having established the impacts of network disruptions on freight in general,
another layer to the analysis explores the related economic impacts. It is expected that,
due to the nature of goods or services involved, some variability will exist among
different industry categories. To this end, the following research questions arise:
How can economic impacts be quantified? How can industry-level shipment
freight demand be estimated from available data sources in the absence of detailed
disaggregate shipment records? How does criticality vary by industry classification?
Industry-level spatial interactions are explored as an additional facet of network
criticality. A methodology is introduced for estimating industry-level freight flows from
available data sources, which is demonstrated to produce reliable estimates, consistent
with the observed freight activity patterns. Additionally, the shipment value
corresponding to each industry grouping is also determined and implemented in an
analysis of the economic criticality of each network link, inspired by a study exploring
economic criticality at an aggregate level, without industry-level granularity (Ashrafi et
al., 2017). Engaging a traffic assignment routine using the estimated demand for each
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defined industry group, the freight activity patterns of each industry can be examined, a
finding that itself sheds light into the variability of freight activity patterns when
disaggregating to this level. Adding another level to the presented criticality framework,
industry- and link-level shipment values provide another dimension for identifying
critical segments, namely, those carrying considerable flows, whose delays would impact
economic productivity.

1.2.4 Application to Real-World Infrastructure Investment Decisions
Putting together the indicators investigated, a framework can be built to inform
policy decisions for infrastructure investment and improvements, ensuring that the
network-wide benefit is maximized. Care must be taken to ensure that the indirect,
negative impacts of infrastructure investments do not outweigh the desired benefits. The
final research questions posed in this research are the following:
Having identified critical portions of the network, how can these be prioritized?
How do the impacts of highway improvements affect the network’s operation and the
province’s economic productivity?
Combining the travel time impacts of link disruptions revealed by the NRI with
the economic importance given by the link-level shipment value, an overlap of the most
severe impacts reveals the network’s most critical segments. A comparison between the
location of these segments and the MTO’s list of proposed infrastructure improvements
provides a guideline for prioritization, ensuring that the first improvements undertaken
are those addressing portions of the network whose failure will most significantly impact
traffic flows and economic activity. Careful exploration is recommended to ensure that
unforeseen, indirect negative impacts, such as the attraction of induced demand and a
significant increase in greenhouse gas emissions, do not overshadow the benefits of the
infrastructure investment.
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1.3 Dissertation Outline
The remainder of this dissertation is organized as follows:
Chapter 2 investigates a sensitivity analysis of six segments previously identified
as critical in the Ontario road network. The concept of the NRI is introduced and applied
to corroborate previous findings on criticality, as well as gain a deeper understanding of
the impacts of disruptions along critical network segments (objective 1.2.1). The chapter
details a sensitivity analysis undertaken on six highway segments centering around the
densely populated and highly economically active Toronto region and connecting to the
northern reaches of Ontario, where few alternative routes are available. The capacity of
the segments is gradually diminished in traffic analysis simulations until a complete
closure is simulated, calculating the NRI each time to make observations on the severity
of the disruption. The NRI is compared with the traditional volume-to-capacity (V/C)
ratio approach and found to produce more valuable and accurate insights, as the NRI
accounts for network-wide effects, while the V/C ratio is highly localized. It is noted,
however, that disruption effects are felt most strongly in the immediate vicinity of the
disrupted segment and become more diffused further away.
Chapter 3 investigates the characterization of the entire Ontario freight network
using the NRI (objective 1.2.2). A series of traffic assignment routines are undertaken to
output the network-wide travel time information needed to calculate the NRI for each of
the over 35,000 links in the network. The chapter explores the significance of the findings
with respect to freight activity within the province of Ontario and also provides
generalized observations that are applicable to other similar multi-regional jurisdictions,
where a computationally intensive NRI analysis may not be feasible. The results allow
for the identification of the portions of the network whose failure poses the most
significant and severe impact to freight activities throughout the network.
Chapter 4 explores the economic dimension of criticality by disaggregating
freight flows at the industry-level and estimating shipment value flows on each link in the
network (objective 1.2.3). A methodology is presented for estimating disaggregated
industry-level freight flows and average shipment values using available data sources, in
the absence of detailed information. To estimate the shipment value present on each link
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and capture the dimension of economic criticality, the industry-level demand matrices
were used in a multi-class traffic assignment routine. Having previously determined the
network-wide NRI values in Chapter 3, the results from this chapter also provide insight
into the trade patterns and freight activities pertaining to different industry classes.
Chapter 5 applies the measures of criticality defined in Chapters 3 and 4 to
analyze the impacts of proposed infrastructure investments (objective 1.2.4). An
intersection of the links with highest NRI and highest shipment value is made with
highway capacity expansion projects currently planned by the MTO. This overlap of
criticality criteria is meant to identify the projects that would serve to mitigate the most
severe impacts due to network disruptions and which may be prioritized for investment
and implementation before others. A set of four highway expansions is examined in
traffic assignment scenarios forecasting to the year 2036, when it is reasonable to assume
that these projects will be completed and operational for long enough to allow drivers to
settle into specific travel patterns. The impacts of each expansion with respect to vehicle
throughput, travel time, shipment value flows, greenhouse gas emissions, and average
operating conditions are compared, identifying one segment (Highway 404) as producing
the largest benefit. This type of analysis can provide insight into effects, both positive and
negative, arising from highway expansions, which can be used to inform cost-benefit
analyses of such projects and the resulting policy decisions.
Lastly, Chapter 6 provides concluding remarks encompassing the combined scope
of chapters 2 to 5. It describes how this research fills the gaps in knowledge and advances
our understanding of the freight transportation network in the province of Ontario and its
criticalities, discussing their implication with respect to infrastructure investments. Policy
recommendations are made, along with a discussion of research limitations and potential
directions for future research.
With the importance of freight transportation to Ontario’s economic future and
the uncertainties now arising as a result of the global pandemic, the work presented in
this thesis is meant to serve as the basis for a framework of analyzing network criticality
at an inter-regional scale for the province of Ontario, ensuring that investment decisions
are made strategically to maximize the resulting benefits.
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CHAPTER 2
EXAMINING THE ROBUSTNESS OF THE ONTARIO TRUCK ROAD
NETWORK
2.1 Introduction
The demand for moving goods by trucks has been growing due to globalization
and continuous expansion of markets. Regional economic growth is significantly reliant
on a road transportation network that is robust and dependable to facilitate the continuous
movement of trucks. Events that cause disruptions along the transportation network and
reduce or eliminate the capacity of certain links can have negative impacts on the flow of
freight and must be appropriately addressed and mitigated. These events can be either
natural (e.g. weather events) or manmade (e.g. terror attacks) and their impacts can range
in severity from having a minimal effect to a complete closure of the link.
With an aging infrastructure in the province of Ontario, Canada (Gagnon et al
2008), it is imperative to study the potential effects of link capacity reductions or
closures, in order to provide appropriate mitigation measures that would minimize the
negative effects to the users of the network as much as possible. Identifying the most
critical links on the network can help determine if the network is robust or not.
Robustness refers to the ability of a road network to maintain its functionality intact when
exposed to some perturbation. The concept of the Network Robustness Index (NRI) is
developed by Scott et al (2006) and is defined as the difference in travel time on the road
network between the existing condition and a simulated condition where the capacity of a
link or segment is reduced or completely eliminated. Another previous work by Maoh et
al (2012) examined the critical links along the Ontario major roads network and
identified the segments that served as the shortest path between the most origindestination (OD) pairs.
The work presented in this chapter builds on these two previous studies and aims
to examine the robustness of the Ontario trucking network, using a sensitivity analysis
simulation approach. Six segments in particular are identified as the most critical, serving
as the shortest paths between the largest number of origin and destination regions in the
province of Ontario. Conditions that would be encountered with capacity and speed
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reductions due to roadworks were replicated and examined through a series of simulation
tests. A sensitivity analysis was undertaken for each of these critical segments to simulate
increasing levels of capacity reductions. The NRI for the entire network, for each
reduction scenario, serves as a measure to examine the robustness of Ontario’s overall
truck network. Furthermore, a volume to capacity (V/C) ratio analysis was undertaken
and colour-coded maps were generated to depict the change in truck traffic flows and
examine localized impacts of critical segment disruptions. Comparisons are made
between the base case condition and each capacity reduction scenario. It is expected that
the effects of such reductions and the closures of critical segments of the network would
be felt more predominantly in the regions immediately surrounding the studied links.
Diverted traffic would become increasingly diffused farther away from the disrupted
segment. The purpose of the maps depicting the change in truck flows is to assess these
locational effects and observe the changes in travel patterns on the network when critical
segments are subjected to interruptions. To our knowledge, analysis of the sort conducted
in this chapter has never been performed in the past.
The remainder of this chapter is organized as follows. The next section provides a
background of the existing literature on network robustness and related studies on this
subject. Next, the study area, methodology, and simulation scenarios used for this study
are described. A discussion of the results is next, followed by the final section, detailing
concluding remarks and recommendations arising from this research.

2.2 Background
The concept of the Network Robustness Index is detailed by Scott et al (2006),
who proposed this measure to identify highly critical links, instead of the traditionally
used volume/capacity (V/C) ratio. While both approaches require detailed data, the latter
is a localized approach; the volume and capacity of the link in question must be obtained
in order to determine its performance, and system-wide impacts are not captured. Using a
set of artificial networks of different levels of connectivity, the NRI was developed as a
new measure for determining the travel-time cost to the entire network associated with
closure of a link. The NRI was defined as the difference in cost (travel time) between the
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original network and the network subject to the removal of a link. The NRI was
calculated iteratively for each link in the model networks and compared to the V/C ratio
for each respective link. The results found that the NRI identified different links as being
critical than the V/C measure was able to do and provided a better indication of link
criticality. The NRI accounts for rerouting possibilities and the traffic demand of the
entire network, as well as the capacity of individual links, thus providing a better measure
than the traditional method. The NRI has also been applied more recently to inform the
design of cycling facilities, such that the level of service to vehicles on the road is not
reduced (Burke and Scott, 2016). This approach implemented a sensitivity analysis to
model the effects of capacity reductions due to the installation of cycling lanes. The
results found that a complete cycling network with a lower impact to vehicular travel
could be designed using the proposed NRI methodology than using conventional design
guidelines.
The original definition of the NRI was adjusted for a modified formulation that
accounted for incremental increases in capacity reduction, as opposed to complete link
removal as in the original case (Sullivan et al, 2010). The modified NRI was meant to
overcome the limitation of dependence on the network’s degree of connectivity, which
prevented the accurate analysis of isolating links. A new measure, the Network Trip
Robustness (NTR) has also arisen from this research, which evaluates network
performance by summarizing NRI values across all links in the network, scaled by the
total trip demand on the network. The new NTR measure is meant to be scalable and
applicable across networks of different topologies for accurate comparisons of network
robustness. An application of the NTR was done for Chittenden County, Vermont to
explore the robustness impacts of a number of proposed roadway projects (Novak et al,
2012). The results allowed for a ranking of the individual proposed improvement projects
based on the magnitude of the benefit (reduction in total travel time) they were estimated
to produce for the network. The methodology is meant to allow for analysis that
considers aspects such as network connectivity and topology, as well as traffic
reassignment, through an iterative process, and provide a means to objectively assess and
inform prioritization decisions for infrastructure projects.
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The NRI concept was applied by Lupa et al (2015) to produce a ranking system
for critical links in the region of Colorado Springs, Colorado. The critical links were
identified with respect to evacuation, resilience, and emergency preparedness scenarios.
The application of the NRI concept was found effective and flexible for applications to
regional preparedness and transportation planning. Network robustness and criticality
were studied by Koulakezian et al (2012) with a focus on vehicle-to-vehicle and vehicleto-infrastructure communication systems. Through a convex optimization problem,
network robustness was achieved when assigning traffic to road links. Network criticality
was used as a robustness metric. The results were tested under varying conditions of
increased traffic demand and reduced capacity, simulated for the Toronto region.
A different measure for identifying network robustness with links of decreased
capacities was presented by Nagurney and Qiang (2009). Two relative cost indices were
proposed, for user-optimal and system-optimal traffic flows, to quantitatively assess the
changes in transportation cost on a network when link capacities are decreased. Travel
time was used as a proxy for the cost. Jenelius (2009) explored the effects of link closures
on regional importance and exposure. These two factors respectively describe the
efficiency and dependence of links in the network. Through regression models, it was
found that the regional importance of links is influenced by the structure of the network
and the regional traffic load, while the regional exposure depends on network structure
and average travel time. In a more recent study, Mattsson and Jenelius (2015) provided
an overview of recent research effort in network vulnerability and resilience. They
provided some definitions of these concepts from the points of view of a number of
researchers and outlined study methodologies that have been developed. The authors
encouraged cross-disciplinary collaboration for future research.
In a subsequent work, Maoh et al (2012) examined the resilience of the Ontario
road network by exploring redundancy in the network. The study used Ontario’s 19 major
Canadian Census Metropolitan Areas (CMAs) as its origin and destination zones, along
with the associated traffic demand among them. Redundancy in the network (i.e. the
presence of multiple routes connecting an origin-destination pair) was explored by
determining the shortest path network joining the origin-destination markets. This
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primary level network was then removed and a secondary shortest path network was
determined from the remaining links. A third iteration was conducted after this. The
paper detailed that connectivity to more outlying regions was reduced in the second and
third level networks, which would intuitively result in increased travel times or even an
inability to reach those zones. Based on these findings, a set of links was identified as the
most critical links on the Ontario road network, serving as part of the shortest path for the
highest number of routes. The critical links that were identified in that research are used
in the present paper to model the robustness of the network.
In a very recent study, Ashrafi et al (2017) provided a summary and comparison
of existing studies exploring the vulnerability, criticality, and robustness of transportation
networks, and the associated measures and indicators. The paper explores the criticality
of the highway network in the province of Ontario with respect to the economic
implications of delays due to network disruptions. The cost of delays was determined as a
function of the dollar value of freight shipments, the length of the delay, and the value of
time as a proportion of shipment value. This indicator was used to estimate the economic
impacts arising from disruptions to the freight transportation network on a short-term
basis. The analysis of Ontario’s highway network revealed that several segments of
Highway 401 are among the most critical in the province, resulting in the highest costs
arising from delays.
A review of the existing definitions and methods of analysis in the area of
network resilience and related concepts was undertaken by Faturechi and Miller-Hooks
(2014). A definition of resilience that incorporates both a transportation network’s ability
to cope with disruptions as well as the potential actions that can be taken to mitigate the
events of a disruption in the immediate aftermath of a disruptive event is introduced
(Miller-Hooks et al 2012). Robustness is defined similarly as in other studies,
encompassing the network’s ability to withstand disturbances and remain intact in the
case of a disruptive event. The work analyzes includes the impacts due to various
mitigation strategies in the determination of network resilience in order to propose the
most effective combinations of preparedness strategies to undertake prior to a disruption
and recovery actions to implement after. An additional study (Zhang et al 2015)
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examined a set of 17 topological features of transportation networks to determine how the
network structure affects the measure of its resilience when faced with a disruption and to
explore the effectiveness of measures of resilience. Highly connected networks were
found to be most resilient, while sparser networks of higher diameter were found less
resilient and more vulnerable. The measures of average degree and cyclicity were
deemed better indicators than network diameter when quantifying resiliency.

2.3 Study Area and Data
The target study area in this chapter is the province of Ontario, Canada, shown in
Figure 2-1 below, and the major roads network servicing it. A significant amount of trade
occurs in Ontario, which generates a large amount of truck traffic within and between
regions. Events that cause disruptions along the routes that join these markets, reducing
their capacities or entirely eliminating segments of the network, can have significant
impacts, not only on the provincial economy, but also nationally. The province of Ontario
is home to 19 of Canada’s CMAs, and is further divided into 49 Census Divisions (CDs).
A total of 74 zones, consisting of the 49 CDs and an additional 25 external zones, namely
connectors to the provinces of Quebec and Manitoba, and to the United States, serve as
the origin and destination zones in this research. Figure 2-1 shows the traffic analysis
zones used in the study.
The road network and the associated data used in a previous work by Ashrafi et
al. (2017) was utilized in this study. Truck trips between origins and destinations in the
74 zones are based on the 2012 Commercial Vehicle Survey (CVS) data collected and
processed by the Ministry of Transportation of Ontario (MTO). The CVS data was
processed into an origin-destination matrix for the 74 zones, accounting for inter- and
intra-zonal commercial trips as well as loaded and empty truck trips. Since the CVS
provided data for 24 hours of a typical weekday, hourly factors were applied to the OD
matrices, derived from hourly traffic counts from stations distributed across the province,
to generate hourly OD matrices. These were evaluated and the 1-2 pm hour was chosen
for use in this research, as it represents the peak period for truck trips.
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Figure 2-1 Traffic Analysis Zones
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In order to produce simulation results that accurately depict real world conditions,
passenger demands were also introduced into the model, following the work of Ashrafi et
al. (2017). Data from the Transportation Tomorrow Survey (TTS) for the Toronto region
and the National Household Survey, both from 2011, were used to develop trip
generation and distribution models to estimate passenger trips. Hourly factors were
applied to the passenger demand matrices similarly as to the freight demands, and the 1-2
pm hour was applied to the modeling exercises in this research. The passenger and truck
OD flows were assigned to the network and validated against traffic counts and travel
times from external data. Ashrafi et al. (2017) reported a good representation of flow
conditions simulated on the Ontario highway network with correlations as high as 0.87.
The road network of Ontario was obtained as a Geographic Information System
(GIS) shapefile from Desktop Mapping Technology Inc. (DMTI) for the year 2013. This
shapefile included information on the posted speed limit, length, and free-flow travel time
for each link. The design capacity was determined for each link using a shapefile
acquired from the GeoBase database, part of the GeoConnections program supported by
Natural Resources Canada. Through a geo-spatial process, smaller road segments in both
the DMTI and GeoBase networks were aggregated into single links, where a single link is
one that intersects another single link at a major road intersection. Next, attribute values
from the GeoBase network, namely, the number of lanes from the smaller segments
forming a single link, were averaged to obtain the number of lanes per link. In most
cases, the averaging resulted in an integer value for the number of lanes (e.g. 1, 2, 3, etc.).
In cases where the average number of lanes was not an integer, the portion of the link
with a different number of lanes was identified through manual verification and the final
number of lanes for the respective link was assigned based on the number of lanes
pertaining to the longer portion of the link. Through a similar exercise, the design speeds
on the links comprising the DMTI network were determined from the original speeds
provided in the DMTI road network. Next, the centroid of each GeoBase link was
generated and a buffer was created for each DMTI link. A spatial join based on a point in
a polygon was then performed to match the GeoBase Links to the DMTI links. Lastly, a
manual exercise was conducted to ensure that the network was topologically correct. The
resulting network consists of 35,254 road-links and 14,444 associated nodes. Table 2-1
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includes a summary of link information for each of the six critical segments. Annual
Average Daily Traffic (AADT) for all vehicles and trucks for a typical weekday are
based on data published by the Ontario Ministry of Transportation (MTO, 2019).
Table 2-1 Summary Information for Critical Segments

Seg.
No.

Number
of Oneway
Links

Total
Length
(km)

Minimum
Segment
Length
(km)

Maximum
Segment
Length
(km)

1

33

48.91

0.02

7.43

2

34

63.91

0.39

11.52

3

122

126.79

0.03

8.22

4

16

23.42

0.30

5.76

5

50

106.55

0.02

10.88

6

81

425.93

0.01

27.80

Number of
Lanes
1 (1 link);
2 (1 link);
3 (31 links)
2 (9 links);
3 (24 links);
4 (1 link)
1 (4 links);
2 (21 links);
3 (61 links);
4 (29 links);
5 (7 links)
3 (16 links)
1 (1 link);
2 (26 links);
3 (16 links);
4 (7 links)
1 (1 link);
2 (69 links);
3 (4 links);
4 (7 links)

Total
AADT*
(Weekday)

Truck
AADT*
(Weekday)

22,108

9,778

54,803

12,697

158,088

15,427

29,244

7,118

42,171

5,301

4,885

865

*AADT: Average Annual Daily Traffic

The scope of this research was to examine the robustness of the Ontario road
network in the presence of simulated disruptions along the network’s most critical
segments. The previous work of Maoh et al (2012) identified critical links on the network
based on the number of origin- destination pairs that used the respective links as a
shortest path. The segments that were deemed most critical were selected for NRI
analysis. Figure 2-2 shows the locations of these critical segments, including a
description of each segment. The analysis was conducted using ArcGIS software and
shapefiles were constructed for each reduction scenario. It should be noted that, in cases
where a road was represented by two parallel links (e.g. east-bound and west-bound
segments of Highway 401), the critical segment did not always contain both parallel
links. The reason for this is that the demand between origins and destinations is not
equivalent in both directions. Ramps were not included in the critical segments.
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Figure 2-2 Critical Segments on the Ontario Road Network
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2.4 Simulation Scenarios
The six segments identified as most critical were examined in terms of the
number of lanes present on each respective link and the link characteristics. These
segments were chosen on the basis of the work done by Maoh et al (2012), which
identified the links serving as part of the highest number of shortest paths between origin
and destination CDs. Each of the critical segments under study is located along a major
highway in Ontario. In such locations, where significant traffic flows are consistently
present, roadwork is generally done along longer stretches at once in order to avoid
multiple disruptions. Each segment was used in its entirety for this study in order to
replicate such construction works in the modeled scenarios. The scenarios were devised
to simulate construction works, modeling gradual reductions in link capacity and speed.
EMME 4.3 software was utilized to run a User Equilibrium (UE) traffic assignment for
each tested scenario. Two traffic classes were simulated in each scenario to account for
passenger and truck flows and ensure that all flows are appropriately and accurately
modeled to divert with each respective capacity reduction and segment closure.
The capacity of each lane was assumed to be equal for each respective link, so
lane reductions were specified by subtracting the capacity corresponding to the simulated
number of lanes to be closed from the total link capacity. One additional lane was
removed with each successive scenario, with the exception of a few cases where too few
links existed in a segment that had a certain number of lanes. For example, segments 2
and 6 contained fewer than five links with four lanes, so a scenario where only these links
were reduced by one lane would have had a minimal effect. In cases such as this, the
reduction was combined with the next scenario (e.g. all four-lane links and three-lane
links reduced to two lanes). The final reduction scenario for each segment was a
complete removal of the segment. The closures described in the reduction scenarios are
hypothetical, however still plausible. As previously stated, road repairs along highways
may occur over longer stretches in order to reduce the need to disrupt traffic multiple
times. Rehabilitation work often results in the closure of one or more lanes along a
portion of highway to ensure that work crews and machinery can safely complete the
work while traffic continues to flow through the remaining lanes.
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Capacity and speed reductions were used to simulate the lane closures described
in each reduction scenario. The Ontario Traffic Manual (Ministry of Transportation of
Ontario 2014) dictates that temporary speed reductions for construction zones cannot
exceed 20 km/h below the posted speed limit. Therefore, for the first reduction scenarios
in each segment, when the capacity reductions were less than half of the original
capacity, the speed reduction was calculated as 10 km/h below the speed of the respective
link. In the latter reduction scenarios, where more than half of the capacity was removed,
the speed was reduced by 20 km/h. Simulating complete link reductions was done by
setting very small values to the capacity and speed fields. This was done to ensure that
traffic assignment could occur without any errors that would arise from having zero
speed or capacity (i.e. division by zero). Setting these small values would simultaneously
ensure that the links in question would have utilities that were effectively zero, making it
highly unlikely that traffic would be assigned to them. In examining the traffic
assignment results it was found that only a negligible proportion of the demand (less than
0.5%) was assigned to the completely removed links.

2.5 Modeling Approach
As mentioned in the previous section, each scenario was adjusted accordingly for
capacity and speed reductions. Given these parameters, a user equilibrium traffic
assignment routine was run in EMME 4.3 for each scenario. The output results included
the traffic flow on each one-way link. This parameter is used in the subsequent
calculation of the NRI.
Robustness has been defined as a network’s ability to maintain its functionality
when exposed to disruptions that cause reductions in capacity and speed along a subset of
links. Traditionally, the volume/capacity ratio has been used to examine the performance
of networks and their links, however, this measure does not capture the full extent of the
effects of such disruptions. The work presented by Scott et al (2006) demonstrates that
the NRI is better able to depict the effects of a capacity reduction on a subset of links, on
the entire network. The total cost on the network (TT), in the unit of vehicle-minutes, is
calculated using the conventional link performance function, as follows:
26

𝑣𝑖 4
𝑇𝑇 = ∑ [𝑡𝑖 (1 + 0.15 ( ) )] 𝑣𝑖
𝑐𝑖
𝑖

where
𝑡𝑖 = free-flow travel time on link i, calculated using the length and speed of link i
𝑣𝑖 = traffic volume modeled on link i (sum of both directions of flow)
𝑐𝑖 = capacity for link i

This measure was calculated for the network under current conditions (base case
with no adjustments) and for each capacity reduction scenario after the traffic assignment
was executed given the respective capacity and speed adjustments. Knowing these
values, the Network Robustness Index could then be determined as the difference in
travel time between the base case and the respective reduction scenario, measured in
vehicle-minutes:
𝑁𝑅𝐼 = 𝑇𝑇𝑏𝑎𝑠𝑒 − 𝑇𝑇𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛
where
𝑇𝑇𝑏𝑎𝑠𝑒 = total travel time for the base case under current conditions, without
reductions
𝑇𝑇𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = total travel time modeled for a given capacity and speed reduction
scenario

Additionally, the marginal NRI was also calculated, measuring the difference in
travel time along the network between successive reduction scenarios. The following
section presents and discusses the results of these simulations.

27

2.6 Results and Discussion

2.6.1 Network Robustness Index Analysis
The results from the sensitivity analysis models for each of the six critical
segments are presented in Table 2-2. The weekday Annual Average Daily Traffic
(AADT) and Annual Average Daily Truck Traffic (AADTT) for each segment are
provided for reference. These values were determined using hourly count data collected
from roadside stations for the CVS for the year 2006. The table summarizes the total
travel time through the network for each given scenario, the NRI, and the percentage
change in total travel time between each respective scenario and the base case.
Additionally, the marginal NRI and marginal percentage change were calculated for
successive reductions. The results are given at the provincial network level and were not
normalized in a per-vehicle basis. The reason for this is because the Ontario road network
is dispersed over a large area and the effects to reduction scenarios near the vicinity of
critical segments would be diffused by the remainder of the traffic throughout the
provincial road network. Such a normalized measure would not accurately convey the
effects of the reduction scenarios, since these effects are not equally felt by all of the
network’s users.
As expected, the closure scenarios for each of the six critical segments act to
increase the total travel time in the network. The travel time also tends to increase across
successive reduction scenarios for the same segment. This result is intuitive, since
reducing the capacity and speed of a road segment, especially one as heavily used as the
critical segments that have been identified, while the demand remains the same, will
force the traffic to secondary routes that often have lower capacity or posted speed limits.
The largest increase in total travel time compared to the base case resulted from the
complete removal of segment 1, which represents the portion of Highway 401 east of
London, Ontario. Since Highway 401 comprises the largest part of the Montreal-Windsor
corridor, it facilitates the movement of trucks carrying significant amounts of freight to
and from regions of concentrated manufacturing activity in Canada, as well as the United
States. Therefore, it is expected that delays along this corridor would have significant
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negative impacts on the performance of the network. This corroborates the research of
Ashrafi et al (2017), which found that delays on segments of Highway 401 carry the
highest short-term economic costs. It can also be noted that the largest change from the
base scenario in each case occurs when a segment is removed in its entirety, as
anticipated.
Table 2-2 Results from Sensitivity Analyses and Network Robustness Index (NRI) Calculations (Trucks Only)

Scenario

Description

Total
Travel
Time
(vehicleminutes)
2,577,114.72

NRI
(vehicleminutes)

%
Change

Marginal
NRI
(vehicleminutes)

Marginal
%
Change

-

-

-

-

3,102.45

0.12%

Base Case

No reduction

Reduction 1

Segment 1 (AADT* = 22,108; AADTT** = 9,778)
2,580,217.17
3,102.45
0.12%
3-lane to 2-lane

Reduction 2

All down to 1-lane

2,587,788.52

10,673.80

0.41%

7,571.35

0.29%

Reduction 3

Completely removed

2,602,011.53

24,896.81

0.97%

14,223.01

0.55%

Reduction 1

Segment 2 (AADT = 54,803; AADTT = 12,697)
2,580,659.51
3,544.80
0.14%
4- and 3-lane to 2-lane

3,544.80

0.14%

Reduction 2

All down to 1-lane

2,590,500.96

13,386.25

0.52%

9,841.45

0.38%

Reduction 3

Completely removed

2,597,302.51

20,187.79

0.78%

6,801.55

0.26%

Reduction 1

Segment 3 (AADT = 158,088; AADTT = 15,427)
2,577,464.85
350.13
0.01%
5-lane to 4-lane

350.13

0.01%

Reduction 2

5- and 4-lane to 3-lane

2,580,737.75

3,623.04

0.14%

3,272.91

0.13%

Reduction 3

5- 4- and 3-lane to 2-lane

2,583,825.26

6,710.54

0.26%

3,087.51

0.12%

Reduction 4

All down to 1-lane

2,588,431.38

11,316.66

0.44%

4,606.12

0.18%

Reduction 5

Completely removed

2,597,239.19

20,124.47

0.78%

8,807.81

0.34%

Reduction 1

Segment 4 (AADT = 29,244; AADTT = 7,118)
2,579,208.07
2,093.35
0.08%
3-lane to 2-lane

2,093.35

0.08%

Reduction 2

All down to 1-lane

2,582,000.48

4,885.76

0.19%

2,792.41

0.11%

Reduction 3

Completely removed

2,591,848.86

14,734.15

0.57%

9,848.38

0.38%

Reduction 1

Segment 5 (AADT = 42,171; AADTT = 5,301)
2,576,856.80
-257.92
-0.01%
4-lane to 3-lane

-257.92

-0.01%

Reduction 2

4- and 3-lane to 2-lane

2,580,285.34

3,170.62

0.12%

3,428.54

0.13%

Reduction 3

All down to 1-lane

2,583,825.58

6,710.86

0.26%

3,540.24

0.14%

Reduction 4

Completely removed

2,588,524.07

11,409.35

0.44%

4,698.49

0.18%

Reduction 1

Segment 6 (AADT = 4,885; AADTT = 865)
2,578,027.77
913.05
0.04%
4- and 3-lane to 2-lane

913.05

0.04%

Reduction 2

All down to 1-lane

2,586,872.40

9,757.69

0.38%

8,844.64

0.34%

Reduction 3

Completely removed

2,589,866.28

12,751.56

0.49%

2,993.87

0.12%

*AADT: Average Annual Daily Traffic
**AADTT: Average Annual Daily Truck Traffic
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The change in NRI observed from the simulations indicates that the lane
reductions result in increased travel times for travelers, likely causing some drivers to
choose alternate routes to avoid the built-up congestion due to the capacity reduction on
the affected segment. The effect of the lane reduction in each tested scenario can be
gauged through the total and marginal percent change in NRI in comparison with the base
scenario. The effects of these lane reductions on travel times and link congestion are
expected to be concentrated more heavily on the links surrounding the reduced-capacity
critical segments, as user equilibrium will drive some network users to divert to
secondary routes. This will be demonstrated in the following section.
The magnitude of the NRI among the six segments can be attributed to the
characteristics of the surrounding regions and the road network itself. A larger NRI is
expected for larger regions that are more heavily involved in trade and will produce more
freight trips. The road segments connecting regions nearest to these zones (e.g. Toronto)
are expected to experience relatively heavy flows as well and be subjected to higher NRI
values. The robustness of these segments tends to be lower. It is noteworthy that the
robustness of a segment is also affected by the availability and capacities of alternative
routes. Although the Toronto region is more densely populated and a larger industrial and
manufacturer producer, the NRI values obtained for the segments nearby (3 and 4) are
not as high as those for segment 1; one reason for this difference is the plentiful
availability of alternative routes in and near Toronto to carry the heavy flows diverted
from the respective segment.
The simulation results show that segments 1, 3, 4, and 5 experience their largest
marginal reductions in travel time when the respective segment was modeled as
completely removed, although this effect is less pronounced for segment 5. Such is not
the case for the remaining segments, where the largest marginal reduction is seen to
happen when all links in the respective segments are reduced to one lane. This
observation could be attributed to the location of the segments, the characteristics of the
regions that they connect, and the characteristics of the surrounding road network.
Segments 3 and 4 pass through or near Toronto and Oshawa so the removal of these links
is expected to have a notable impact to freight traffic, considering the amount of trade
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that takes place to and from the Toronto area. Segments 1 and 5 may experience the
noted effect, where the largest marginal impact is due to closure, as they also serve to
carry significant truck flows to and from southern Ontario and the US, in the case of
segment 1, and to and from northern Ontario (segment 5). Of the remaining segments,
one is adjacent to Toronto, experiencing very heavy flows including those passing
through the Montreal-Windsor corridor, while the other is in a more remote northern
region, where alternative routes are sparser. Reducing these links to minimal capacity and
speed, where a single lane remains open, is expected to cause long delays and
bottlenecks, where the segments operate at worst conditions, and pose a significant
impact to the segments’ robustness.
Some policy implications that arise from these findings may include mitigation
strategies, such as carefully planned detours, to ensure that construction works do not
place an undue burden on the network. Modeling efforts based on this work can help
predict the impact of the reduction in capacity or complete closure of an important
segment of the network; if such a scenario is expected to result in significant increases in
travel time and congestion, and a notable level of degradation of the network, alternative
routes can be planned to direct traffic flows in such a way that the negative impact is
minimized. The models can also be used to predict the links that will be most heavily
impacted so that measures can be taken to relieve congestion in these areas.

2.6.2 Exploration of Localized Impacts
To explore the localized impacts of capacity reduction, volume to capacity (V/C)
analysis was first performed by calculating the V/C ratio under the base and different
simulated scenarios, accounting for the road links in the vicinity of the subject segments
affected by each disruption scenario. It is expected that the reduction of capacity will
force trucks to detour and use neighboring links, which is likely to increase the level of
congestion on these peripheral links. That is, in the base case, trucks are utilizing the
links with the highest capacity but when such capacity is reduced, truck traffic will shift
towards lower capacity links. This shift in traffic will increase delays as was
demonstrated by the NRI analysis. However, the impacts associated with the closure of a
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particular segment are less likely to affect the overall performance of the network.
Instead, these impacts are more likely to be felt locally. Table 2-3 provides the average of
the V/C ratio for all the links comprising the affected portions of the network for each
respective scenario. Through a manual inspection, only the affected links in the vicinity
of the respective segment were included in this analysis of localized effects.
As expected for each segment, the average from one scenario to the next remains
almost unchanged and hovers around the mean value pertaining to the base case.
However, when considering the sum of the V/C ratios, a different picture emerges. The
sum of V/C values was computed for the region in the vicinity of each respective
segment, encompassing the links experiencing the heaviest impact due to each capacity
reduction scenario. Table 2-3 shows that this sum of ratio tends to increase from the base
case to the complete closure scenarios. The increased sum suggests that, due to the rerouting of traffic on some of the links neighboring the closed segment, congestion
emerges on those links. With the exception of segments 3 and 5, the complete removal of
the links comprising any of the critical segments results in an overall increase in the sum
of the V/C ratios, indicating an increase in localized congestion for alternative routes.
The worst case can be seen in the removal of segment 2 where the sum of the V/C ratios
increase by an amount of 41.3. In the cases of segments 3 and 5, the sum drops by 5.9
and 39.6, respectively, which could be attributed to the redistribution of traffic to lesser
utilized links on the network. This illustrates an instance of Braess’ paradox, where the
removal of these high-capacity links causes a redistribution of flows to under-utilized
portions of the network, resulting in an overall improvement.
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Table 2-3 Volume to Capacity (V/C) Analysis

Sum of Change
V/C
from
ratios
Base
Segment 1

Marginal
Change

Mean of
V/C ratios

St. Dev. of
V/C ratios

-

-

0.311

0.435

2,268.3

6.2

6.2

0.311

0.436

All down to 1-lane

2,275.4

13.3

7.1

0.312

0.434

Completely removed

2,271.0

8.9

-4.4

0.312

0.435

Scenario

Description

Base Case

No reduction

2,262.1

Reduction 1

3-lane to 2-lane

Reduction 2
Reduction 3

Segment 2
Base Case

No reduction

2,051.0

-

-

0.311

0.439

Reduction 1

4- and 3-lane to 2-lane

2,063.3

12.3

12.3

0.313

0.441

Reduction 2

All down to 1-lane

2,082.1

31.1

18.8

0.316

0.442

Reduction 3

Completely removed

2,092.4

41.3

10.2

0.318

0.443

Base Case

No reduction

1,852.8

-

-

0.292

0.432

Reduction 1

5-lane to 4-lane

1,860.4

7.7

7.7

0.293

0.433

Reduction 2

5- and 4-lane to 3-lane

1,862.4

9.6

1.9

0.294

0.435

Reduction 3

5- 4- and 3-lane to 2-lane

1,868.6

15.8

6.2

0.295

0.434

Reduction 4

All down to 1-lane

1,878.1

25.4

9.6

0.296

0.432

Reduction 5

Completely removed

1,846.8

-5.9

-31.3

0.291

0.435

Segment 3

Segment 4
Base Case

No reduction

1,824.8

-

-

0.321

0.444

Reduction 1

3-lane to 2-lane

1,835.9

11.1

11.1

0.323

0.447

Reduction 2

All down to 1-lane

1,836.4

11.6

0.5

0.323

0.446

Reduction 3

Completely removed

1,844.3

19.5

7.9

0.324

0.450

Segment 5
Base Case

No reduction

1,873.9

-

-

0.301

0.434

Reduction 1

4-lane to 3-lane

1,875.7

1.8

1.8

0.302

0.435

Reduction 2

4- and 3-lane to 2-lane

1,878.4

4.5

2.7

0.302

0.436

Reduction 3

All down to 1-lane

1,855.3

-18.6

-23.1

0.298

0.431

Reduction 4

Completely removed

1,834.3

-39.6

-21.0

0.295

0.434

Segment 6
Base Case

No reduction

1,526.6

-

-

0.316

0.457

Reduction 1

4- and 3-;lane to 2-lane

1,526.8

0.2

0.2

0.316

0.457

Reduction 2

All down to 1-lane

1,530.3

3.7

3.5

0.317

0.457

Reduction 3

Completely removed

1,536.8

10.2

6.5

0.318

0.458
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It is expected that a significant change in congestion level will be noted on a
specific subset of links near a critical segment, while the remainder of the change in
congestion from the base case can be attributed to minute changes on the remaining links.
A more in-depth examination of the changes in V/C ratios across individual links was
undertaken to identify the links experiencing uncongested (V/C < 1) conditions in the
base case and congested (V/C > 1) in the complete closure scenario for each segment,
displayed in Figure 2-3. It is these links that are primarily responsible for the change in
the sum of V/C values for each case. The number of impacted links meeting this
congestion criteria ranges between 13 links (segment 6) and 56 links (segment 3) and
comprise only between 0.3% and 0.9% of affected links near each segment. Most of the
identified links appear to be interchanges in the vicinity of the respective closed segment
or on links leading toward the closed segment, which is intuitive, since traffic would be
rerouting away from the closure, causing congestion to increase on links leading to
alternative routes. In the case of segment 6, the impacted links visualized in Figure 2-3
appear to the south of the segment. This is likely due to the remoteness of the segment,
located in northern Ontario, where observed traffic volumes are, unsurprisingly, lower
than in the southern regions of the province; thus, the risk of exceeding capacities on
nearby links due to the segment’s closure was diminished. The impact to congestion for
this case, then, is felt on the routes leading to the segment, as drivers adjust their routing
in advance to accommodate the closure.
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Figure 2-3 Links Showing the Most Drastic Increase in Congestion Under Closure Scenario for Each Critical Segment
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To better visualize the localized effects, a set of colour coded maps (Figures 2-4
to 2-9) was generated showing the change in truck flow volumes experienced on road
links between the base case and the complete closure scenario for each critical segment.
In each case, the dark blue coloured links represent the largest reduction of freight flow
volumes, which, as expected, occurs over the closed segment. Additional blue and dark
green road links are noted on the network stretching in either direction from the critical
segment, indicating that the approaches to the respective closed sections will experience a
diversion of truck flows to alternative routes. These diversions are noted through the links
coloured yellow, orange, and red, reflecting the degree of the increase of flow activity
that each link experiences. Of course, the magnitude of these changes in traffic flows will
depend on the network demand present in each study region; for example, it is expected
that heavier flows are present in and through Toronto, resulting in more drastic shifts than
what would be noted in northern Ontario. Several of the study segments, namely
segments 1, 2, 3, and 4, serve as part of the Montreal-Windsor corridor, carrying
significant freight flows. It is expected that the freight traffic that is diverted in the case
of each segment’s closure will have a significant impact to the routes serving as
alternatives in carrying these flows to their destinations.
It should be noted that the Highway 407 tollway, passing through the Toronto
region, was specified without the implementation of the toll cost parameter. This is a
limitation of the current research; however, the current network and analysis show the
way in which flows would redistribute throughout the network in the event of the
simulated disruptions. Tollways add complexities to the network; increased demand for
the highway facility can lead to an increase in toll rates, however, the alternative routing
to avoid disruptions would be a benefit to freight carriers who must maintain tight
delivery schedules. The interaction of freight operations with toll routes to avoid supply
chain disruptions and to maintain the trucking carriers’ profit margins is a topic worthy of
study on its own (Wang and Zhang, 2017). Future research can add realism to these
simulations by introducing such cost parameters to observe their influence on the traffic
assignment through the network.
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In Figure 2-4, it appears that when the closure of segment 1 is simulated, traffic
will divert through the portions of the network around the city of London. The heaviest
impacts occur on links to the north of the closed segment, showing traffic diverting
toward Sarnia. A similar effect is found for the simulated closure of segment 2 (Figure 25), which results in a diversion of traffic to alternative routes within the Greater Toronto
and Hamilton Area (GTHA) as well as between the GTHA and Barrie. This effect can be
attributed to the high traffic volumes that are regularly present in this area, especially
considering the amount of commuting traffic combined with freight traffic. Significant
freight flows originate or are destined to regions in this area, and also pass through this
region. This corroborates the NRI findings, which show that the closure of segment 2
produces the second-largest increase in network travel time of the six critical segments
studied.
Due to the proximity of segments 3 and 4 to each other, their closures have
farther-reaching impacts than the previous two segments, even extending toward the
border between Ontario and Quebec, as depicted in Figures 2-6 and 2-7. This is
evidenced by the yellow- and orange-coloured links through Peterborough and toward
Ottawa and Montreal, in addition to the diffusion of traffic through Toronto’s local links.
This finding points to the importance of Highway 401 as part of the Montreal-Windsor
corridor, carrying freight flows between Canadian regions, especially in Ontario and
Quebec. As discussed earlier, although these sections of Highway 401 are expected to
carry significant freight flows due to their proximity to the heavily concentrated
manufacturing region of Toronto, the availability of alternative routes to which traffic can
divert acts to improve the robustness of these segments, as shown through the NRI
analysis and depicted through the freight flow dispersions in the respective figures.
The V/C analysis for segment 5, along with the associated Figure 2-8, shows an
increase in congestion over the first two reduction simulations, however, a marginal drop
and a total decrease from the base case are noted when the segment is reduced to one lane
and entirely closed, respectively. Where the NRI analysis showed a network-wide
increase in total travel time across all closure scenarios for this segment, noting a smaller
incremental change between reducing to a single lane and complete closure, the V/C
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results shows the effects of the disruption on the area near the disrupted segment. A
diffusion of flows is observed to take place around the closed segment of Highway 400,
with some links immediately adjacent to the closed segment experiencing a decrease in
truck flow volumes and several peripheral links (coloured yellow, orange, and red)
carrying increased flows. Table 2-3 points to an instance of Braess’ paradox for this
segment, where its closure results in a localized improvement to congestion. This result
may be attributed to the shift of traffic flows from the heavily congested links
surrounding Highway 400 to previously under-utilized road links. It is important to note,
therefore, that the network-wide effects captured through the application of the NRI are
not captured through the conventional V/C analysis.
As previously noted, the total traffic flows along segments 5 and 6 represent a
lower volume than those observed on the southern critical segments, especially those near
the Toronto region. These two northern segments are critical, however, serving as
connections to the northern regions of Ontario, where alternative routes are typically
sparser. The simulated effects of the closure of segment 6 are represented in Figure 2-9,
where truck traffic flowing between Sudbury and Barrie appears to divert to Highway 11.
The closure of this segment poses a significant impact, since there are very few
alternative routes available, and those that do exist would necessitate commercial
vehicles that are diverted to travel considerably further distances to and from northern
Ontario. The effects of this simulated closure for segment 6 are also noted to affect
portions of the network located south of Barrie, within Toronto, and even between
southwestern Ontario and Barrie. This finding points to the criticality of this segment,
which connects the regions of northern Ontario to the remainder of the province and
shows that disruptions can have far-reaching impacts.
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Figure 2-4 Change in Trucking Flow Volume on Links Modeled for Segment 1 Closure Scenario
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Figure 2-5 Change in Trucking Flow Volume on Links Modeled for Segment 2 Closure Scenario
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Figure 2-6 Change in Trucking Flow Volume on Links Modeled for Segment 3 Closure Scenario
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Figure 2-7 Change in Trucking Flow Volume on Links Modeled for Segment 4 Closure Scenario
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Figure 2-8 Change in Trucking Flow Volume on Links Modeled for Segment 5 Closure Scenario
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Figure 2-9 Change in Trucking Flow Volume on Links Modeled for Segment 6 Closure Scenario
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2.7 Conclusions and Recommendations
The work in this chapter illustrates that network robustness will decrease for
capacity reductions and closures of segments that are associated with the movement of
heavy trucks between major metropolitan areas in Ontario, Canada. The NRI also
indicates that network segments that connect more remote regions, where fewer
alternative routes exist, are less robust. These findings are important from a policy and
planning aspect, since care must be paid to ensure that possible events along these critical
segments where reductions in capacity occur are properly mitigated. Being aware of the
portions of the road network that experience significant increases in travel time when
exposed to such perturbations, decision-makers can better prepare for such events to
minimize the effects on the network’s users.
The current chapter presented analysis that simulated the effects of lane and link
closures due to construction activities. Future research can explore the simulation of
different kinds of events, such as extreme weather events or severe roadway accidents
that cause an immediate and complete closure of links. Also, as was explained, the
physical size of the province of Ontario and its road network can act to diffuse the impact
of simulated scenarios. A road closure in the south-west of the province, for example,
will have a notable effect on the regional network, but likely have a minimal effect on the
northernmost portion of the network. Such effects are illustrated through the colourcoded maps created to compare traffic flow conditions between the base case and the
closure of each respective critical segment. Future work can attempt to better capture and
model these regional effects.
Overall, it can be seen that the NRI provides an important measure of truck
network robustness, allowing for the identification of critical portions of the network and
for the simulation of the effects of capacity reductions along these segments. The results
of this research quantify the potential impacts of lane closures as would be experienced
under roadwork conditions along six of Ontario’s most critical segments. This
information can help the Ministry of Transportation of Ontario (MTO) to devise
mitigation plans for any future improvement works to these segments such that freight
demand is met and disruption to trade remains at its minimum.
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CHAPTER 3
CHARACTERIZING THE NATURE OF A MULTI-REGIONAL TRUCKING
NETWORK USING THE NETWORK ROBUSTNESS INDEX: AN
APPLICATION TO ONTARIO, CANADA
3.1 Introduction
Regional economic productivity and growth are reliant on a robust road
transportation network to facilitate the movement of goods. Significant impacts due to
disruptions along a road network have the potential to drastically impede traffic flows,
worsen travel conditions, and even harm economic productivity. Network disruptions can
be natural (e.g. weather events) or manmade (e.g. terror attacks) and range from having a
minimal effect to the complete closure of a portion of the network. Disruptions result in
the rerouting of traffic to alternative routes, thus putting an additional physical strain on
links that may not be designed to carry increased flows, and potentially causing heavy
congestion as traffic reroutes. From an economic point of view, delays are often
associated with heavy monetary penalties and can impact entire manufacturing supplychains, especially those depending on just-in-time deliveries (Ashrafi et al. 2017). There
is a need for measures that can help identify network vulnerabilities and plan for strategic
infrastructure investment to mitigate the potential negative impacts of disruptions,
especially with respect to a network servicing a vastly large economically active region.
Some key concepts that govern this area of research include robustness,
resilience, criticality, and vulnerability. The application of such concepts to transportation
networks is relatively new, thus, the field has seen an expansion in terms of the metrics
used to quantify criticality and the methodologies used to apply them (Hosseini et al.
2016). To date, the majority of research efforts in the area of network robustness have
often been limited to examining the issue from a single facet, such as network topology.
The Network Robustness Index (NRI), originally proposed by Scott et al. (2006),
overcomes this limitation by simultaneously accounting for the network-wide effects due
to link closure with respect to network topology, link capacity, and origin-destination
demand. While the NRI has been successfully implemented in the analysis of urban road
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networks, its application to characterize the robustness of entire multi-regional freight
networks has not been explored in past studies.
The proposed research addresses the current gap in knowledge by utilizing the
NRI to characterize the robustness of a regional trucking network, with an eye toward
inter-regional activities. It does so by applying the NRI to the trucking multi-regional
network of the province of Ontario. This province is home to some of Canada’s most
economically productive regions and most vital trade routes. With an aging road
infrastructure in the province (Gagnon et al. 2008) and an increasing demand for goods
movements due to market expansion and globalization, it is timely to develop
applications for reliable measures for predicting the impacts of link disruptions on an
inter-regional scale. The NRI serves as a first step toward characterizing the patterns of
freight movements noted for truck flows in and through Ontario and allowing an
exploration of the vulnerabilities that may exist in the network.
Through an iterative simulation approach, the NRI is calculated for each link in
the study network and the results are summarized and used to create informative map
visualizations to identify the most vulnerable and critical links. Modeling such effects can
be instrumental to developing policies toward reducing the impact of potential
disruptions along the most vulnerable network segments, mitigating both the impacts to
the users of the network as well as the economy. While some differences will naturally
arise among different jurisdictions, some commonalities will apply, and the results can be
transferrable when exploring large-scale economically active areas. For example, it is
expected that urban traffic and freight flows will also compete with freight import/export
and through traffic. The authors believe that applying the NRI to characterize the nature
of freight activity for such a large, economically active study area will result in
observations that can be generalized to other large multi-regional networks for the
purpose of identifying vulnerabilities given the patterns of freight activity.
The rest of this chapter is organized into the following sections. The next section
gives a summary of some of the current research on the topic of network robustness, the
definitions and methodologies currently in use in the literature, as well as a background
on the development and application of the NRI. The following section gives a description
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of the characteristics of the study area of the province of Ontario, the shapefile used to
describe the road network used in the study, and the truck and passenger flow data
introduced into the simulations. Next, the methodology is described, followed by a
discussion of the findings from the simulation outputs. The chapter closes with some
concluding remarks and recommendations that arise from the presented research.

3.2 Background
The impacts of disruptions along transportation networks have been a subject of
study for transportation researchers for over a decade, as several important concepts have
been identified to characterize the networks. Robustness, the characteristic on which the
current research focuses, is commonly defined as a measure of the network’s ability to
withstand the effects of a disruption and maintain its functionality while disturbed (Cats
et al. 2017; Zhou et al. 2019). Resilience is another term that is closely related and has to
do with the state of the network post-disruption, reflecting the network’s ability to
recover (Zhou et al. 2019). From these concepts, a family of related terms arise, including
criticality and vulnerability, which are often applied to describe specific portions of the
network. Criticality can be thought of as the combination of the probability and severity
of the impacts of a link’s failure (Maoh et al. 2012). Vulnerability refers to the
susceptibility of a network (or network segment) to disruptive events with significant
impacts (Mattsson and Jenelius 2015). A review of existing literature regarding
methodologies and measures for transportation network resilience and vulnerability
reveals that there is a wide array of interpretations and implementations for these
measures (Reggiani et al. 2015). As research continues to advance, many of these related
facets need to be considered simultaneously to accurately predict network effects and
identify criticalities. The aim of this research is to identify those segments of a network
whose disruption will have the most severe consequence, leading to better informed
mitigation measures as well as the identification of the segments whose improvement
would serve the largest benefit to the network.
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Graph theoretical approaches are common when exploring topological
characteristics that impact network robustness. One recent approach suggests a Link
Criticality Index (LCI) measure computed on the basis of link marginal costs under user
equilibrium using a convex combinations solution (Almotahari and Yazici 2019). The
LCI considers connectivity and redundancy in the network, along with traffic flows. This
methodology requires the enumeration of all paths in a network, which can become
computationally intensive for large-scale networks. Network topology has also been
explored with respect to connectivity and network efficiency (Li et al. 2018). Here, a
Lagrange algorithm is used to compute the solution, identifying vulnerabilities with
respect to link capacity constraints, exploring the relationship between robustness and
vulnerability. A comparison of four generalized metrics of robustness is presented by
Tang et al. (2016), who implement an investigation of generalized meshes. The findings
show that measures of effective graph resistance and average edge betweenness are good
indicators of network robustness. An application involving the generation of abstract
networks with the characteristics of real-world networks explores the differences between
single-link and multiple-link failures, noting that the usual method for analysis using
single-link failure is likely to produce inaccurate criticality rankings if the population is
not distributed homogeneously (Sohouenou et al. 2020). The results showed that network
robustness is strongly influenced by its size and level of connectivity. Increased
redundancy (i.e., the availability of alternative routes) was found to effectively improve
network robustness.
A recent case study for Bangladesh explored the applicability of a set of
seventeen criticality metrics, by comparing the criticality rankings resulting from each
metric, using eight transportation networks for the study region (Jafino et al. 2020). The
results of the study suggest that attention must be paid to the transport functionality of
interest, the ethical principles involved in the analysis, and the level of aggregation, to
choose the most suitable measure for criticality. It was noted that empirical similarities
exist, which reduce the number of metrics required to accurately describe the network.
Network robustness has also been studied with respect to transit networks, such as in the
case of an application to the city of Amsterdam (Cats et al. 2017). Robustness here was
measured using a proposed indicator consisting of a combination of link criticality and
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degradation rapidity. The proposed indicator captured the overall performance as well as
its relationship to the degradation of the network.
The Network Robustness Index (NRI) is now a well-established network-wide
performance measure for quantifying the impacts of link disruptions (Lupa et al. 2015;
Moghaddamsafaeiazar 2019; Oliveira et al. 2014; Scott et al. 2006). It was developed to
overcome the limitations of the traditional volume-to-capacity (V/C) approach, which is
only able to capture localized effects of network disruptions. The benefit of the NRI is its
ability to simultaneously capture network topology effects, origin-destination (OD)
demand, and link capacity throughout the network. Through an iterative procedure of
removing each respective network link, an NRI value can be ascribed to each link
describing the network-wide impacts of its disruption, where a higher NRI value
indicates that the removal of that link results in a larger travel time increase on the
network. A limitation of this measure has been noted to be its inability to handle isolating
network links, which was overcome by the development of the Network Trip Robustness
(NTR), simulating disruption scenarios where link capacity is reduced by less than 100%
(Sullivan et al. 2010). The NTR is a scalable network performance measure that uses the
summation of all NRI values across the network, normalized by the total demand in the
network. This measure can be applied to compare networks of different scale, topology,
or level of connectivity.
The NRI has been found to be a simple, flexible, and practical tool in a
transportation planning application for Colorado Springs, Colorado (Lupa et al. 2015).
The authors describe how the NRI was applied to this study area to develop a clear
ranking system for the identification of critical segments in the network during the 1 pm
peak hour. It was also tested and found useful for planning purposes, where the authors
describe an application to proposed network improvements, where the NRI was used to
quantify their effects on the network. Another abstract network application was
undertaken in a study that explored the impacts of model resolution on a model’s
criticality outputs (Dowds et al. 2017). The NRI was tested on a set of hypothetical
networks with varying degrees of resolution and aggregation. The authors found that,
while the elimination of minor roads to produce lower-resolution networks aids in
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reducing computational requirements, it can significantly impact the critical rankings
calculated by the model. Similarly, models with more aggregate demand inputs are likely
to result in less accurate criticality rankings. The authors caution researchers to consider
these aspects when designing a transportation network for criticality analysis.
One large-scale study of robustness examines the trucking network of the
province of Ontario, Canada by examining the shortest-path connections between regions
(Maoh et al. 2012). The province’s census metropolitan areas (CMAs) served as the
origins and destinations for a matrix of truck flows. The road network was examined to
determine the shortest-path routes connecting the origins and destinations to carry freight
flows. Using an iterative procedure, a three-level hierarchy of shortest-path network links
was identified. The study identified critical links as those that serve as the shortest path
between the highest number of origins and destinations. These network segments were
further explored using the concept of the NRI in a sensitivity analysis to explore the
effects of increasing levels of capacity reduction (Madar et al. 2020). The difference in
network-wide travel time due to the disruptions provided insights into the impacts of the
simulated disruptions. Segments near large metropolitan regions and trade centres, such
as the Toronto region, which carry some of the heaviest flows, were the most impacted,
as expected. Segments connecting to more remote, northern portions of the province,
where alternative routes are sparse, were also found to be critical, as detours would take
traffic to far longer paths to reach their destinations.
Following the work of Madar et al. (2020) and Maoh et al. (2012), this research
seeks to further our understanding of the characteristics of multi-regional trucking
networks and freight activities by exploring the NRI for the entire road transportation
network in Ontario. An application of the NRI to the entirety of a large-scale network
such as this has not been implemented in previous research. Applying the NRI will allow
for a comparison of the importance of each link to the network’s functionality.
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3.3 Study Area and Data
The application in this research is focused on the province of Ontario, Canada and
the major road network servicing it and connecting it to external geographic regions.
Located in central-eastern Canada, Ontario is Canada’s second-largest province by area
(908,699.33 km2) and largest by population (13,448,494 people) as of the 2016 census
(Statistics Canada, 2017). As a significant generator of trade, the province of Ontario
experiences heavy freight flows both within the province and to and from external
markets. Exploring the characteristics of these flows on the road network will shed light
on the nature of trade within and among the regions and help identify the most critical
portions of the network. As an extension of the previous research effort in Madar et al.
(2020), the same set of origin and destination zones, the same road network, and the same
demand matrix were applied to the current study. Ontario’s 49 census divisions (CDs)
and 25 external zones, both within Canada and in the United States (US), which connect
to Ontario by road, serve as the 74 origin and destination zones in this research (see
Figure 3-1). The external zones consist of road connections between the province of
Ontario and the provinces of Manitoba and Quebec, as well as border crossings used by
truck carriers between Ontario and the US.
Several sections of the study area will be highlighted throughout this research.
The Toronto CD, for example, stands as the most populous metropolitan area in the
province. The region comprising the CDs surrounding Toronto is the centre of the Great
Lakes automotive manufacturing cluster, Canada’s largest vehicle producing region
(Anderson et al. 2019), with Peel being referred to as the “freight village of Canada” and
the home of Canada’s busiest and largest airport and one of the busiest multi-modal
terminals in the northern hemisphere, servicing two major Canadian railway lines and
several major provincial highways (Dewar 2015). One such highway that passes through
this area, Highway 401, serves as part of the Montreal-Windsor trade corridor and is
known as North America’s busiest highway for truck and passenger traffic (Dawood et al.
2007). Montreal, Quebec, located to the east of the study area, is home to a port that
receives a significant volume of goods that are loaded onto trucks and sent down this
corridor into Ontario and beyond. North America’s top three busiest border crossings for
freight movements, the Ambassador Bridge (Windsor), the Blue Water Bridge (Sarnia),
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and the Peace Bridge (Niagara region), respectively, are all located within the study area,
carrying over half of all freight trade that flows between the two nations (Maoh et al.
2016). See Figure 3-2 for the distribution of major highways and metropolitan centres
throughout the province.
The road network was represented through a shapefile designed for use with
EMME 4.3.4 software, consisting of 35,254 links and 14,444 nodes. It should be noted
that each direction of travel on two-way links is represented by separate links in EMME,
where the forward and reverse directions are distinguished by the start- and end-node,
since EMME links are directional. The matrix of truck and passenger origin-destination
(OD) flows was produced using data from the 2012 Commercial Vehicle Survey (CVS)
from the Ministry of Transportation of Ontario (MTO), the 2011 Transportation
Tomorrow Survey (TTS) from the region of Toronto, and the 2011 National Household
Survey (NHS). The CVS contains total daily truck flows in Ontario and to external zones,
along with the value and weight associated with each shipment record. The TTS collects
information about urban travel in southern Ontario, namely the Greater Toronto and
Hamilton region, while the NHS is a federally administered survey collecting data on
socio-demographic, mobility, and labour characteristics for each Canadian province.
Details regarding the creation of the road network shapefile and the traffic demand
matrices can be found in Ashrafi et al. (2017) and Madar et al. (2020). The 1 pm peak
hour was used as it represents the time when the heaviest freight flows are present on the
network and, as such, can constitute a worst-case conditions scenario given the impact of
trucks on congestion. The total demand assigned to the network consisted of 8,635 trucks
(25,905 passenger car equivalent (PCE) units) and 1,102,754 PCE background passenger
vehicles. Note that, since this research examines freight movements by truck, other
modes of transport, including ship, rail, and air, and the ports and facilities connecting
them to the study area are not considered. The total freight production for each analysis
zone during the 1 pm peak period is shown in Figure 3-3. The trip attraction follows a
very similar pattern, with a correlation of 0.987 between truck production and attraction
among the 74 zones.

55

Figure 3-1 Origin and Destination Zones for Simulation and Analysis
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Figure 3-2 Major Highways and Metropolitan Centres in the Study Area
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Figure 3-3 Trip Production by Zone for the 1 pm Peak Period
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3.4 Methods
The network’s ability to maintain its functionality while perturbed is quantified
using the NRI through a comparison of the network-wide travel time cost under status
quo conditions (referred to as the base case) and a scenario where a network link is
disabled (removed). The network-wide travel time cost (TT), given in vehicle-minutes, is
calculated as follows:
𝑣𝑖 4
𝑇𝑇 = ∑ [𝑡𝑖 (1 + 0.15 ( ) )] 𝑣𝑖
𝑐𝑖
𝑖

where
ti:

free-flow travel time on link i, calculated using the known length and design

speed of link i
vi: user equilibrium traffic volume on link i
ci: design capacity of link i

An iterative procedure was coded in Python and introduced as a tool in EMME
4.3.4 software, where the NRI simulations were run. The coded tool provided an interface
where the user could select the demand matrices for truck and passenger flows to be
applied in the simulation. Once the simulation began, the tool would use the input
demand matrices and generate the required matrices and attributes to store passenger and
truck travel times and link flows while iterating through user equilibrium traffic
assignments with successive individual links removed from the network. At the end of
each iteration, the tool was able to generate link-level values corresponding to the user
equilibrium traffic assignment outputs of each respective link. The network-wide travel
time (TT) specified in the equation above was generated for each link to show the total
travel time experienced on the network when the link in question was disrupted. The
EMME modeling software allowed for multi-class traffic assignment, where passenger
and truck flows could be specified separately, and resulting link flows could be stored for
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each individual mode. Further details regarding the multiclass assignment can be
obtained from the EMME Modeler Manual.
The NRI is calculated by comparing each link removal TT value (i.e., TTremoval) to
a constant base value for network-wide travel time computed using the same equation for
a network under status quo conditions, with no link disruptions (i.e., TTbase). Since truck
flows were converted into PCE units, both freight and passenger flows were evaluated.
Recall that the road network shapefile represented each direction of a road segment using
individual one-way links. The NRI then, is formulated as follows, with the resulting value
given in the units of vehicle-minutes:
𝑁𝑅𝐼 = 𝑇𝑇𝑏𝑎𝑠𝑒 − 𝑇𝑇𝑟𝑒𝑚𝑜𝑣𝑎𝑙

3.5 Results and Discussion
The resulting output from the iterative procedure consisted of a link-level dataset
of NRI values corresponding to the network-wide impact of the removal of each
respective link. A large proportion of the links (19,045 links, comprising 54% of the
total) were modeled to have an NRI of zero, indicating no change from the base case,
thus the removal of the respective link has no impact on the network conditions. These
links were excluded from the analysis presented but will be addressed further in this
section. Of the remaining 16,061 links, approximately one third (31.5%) exhibited a
negative NRI, indicating a reduction in travel time compared to the base case. The
remaining 68.5% of links exhibited a positive NRI, indicating an increase in total
network travel time and a degradation in network conditions. This result is intuitive, as
the removal of a link will more likely result in some level of degradation of network
conditions although in some instances the opposite will occur resulting in Braess Paradox
(Braess et al. 2005).
Figure 3-4 presents the status quo conditions for the Ontario network under
undisrupted conditions. As expected, the regions surrounding larger metropolitan areas
such as Toronto, along with major highways leading to border crossings in Windsor and
Sarnia exhibit heavy traffic volumes. The links displayed using grey lines record no flows
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for the 1 pm peak hour modeled under base case conditions. As noted earlier, 19,045
links on the network had an NRI value of zero. The vast majority of these had no traffic
flows recorded under base case or link disruption scenarios, with only 116 links (0.6%)
having a non-zero total traffic volume (passenger or truck). This can be attributed in part
to the fact that the simulations were run using an initially empty network, with both truck
and passenger background flows assigned simultaneously. This limitation of the approach
can be addressed in future work by introducing a warm simulation start to ensure the
traffic is not assigned to an empty network. These NRI results indicate that the removal
of a link that is used to carry some flows will most often result in a change to network
conditions, whether toward improvement or degradation.
Figure 3-5 explores the base case with respect to only trucking flows. Fewer links
are used than in the previous visualization, which is intuitive, considering the proportion
of trucks that traverse the network, and their tendency to take more efficient, direct paths
from origin to destination, as well as their constraint to links designated as truck routes.
Heavier truck volume concentrations are observed in southwestern Ontario, especially
near the Toronto region, which is to be expected considering the amount of
manufacturing industries centred in this region. The Windsor-Montreal highway corridor
is also prominent, carrying significant truck flows, as well as the highway connection
leading to the Blue Water Bridge in Sarnia. The highway connection leading to northern
Ontario also exhibits heavier truck flows. A similar exploration of the zero-NRI links
revealed that 79 of 19,045 links (0.4%) carried non-zero truck flows. The same
conclusion can be drawn in this case as before, that the removal of a link that carries
some truck flows will most likely result in some impact to the total network travel time
conditions.
The resulting link-level NRI values from the simulation exercise are visualized in
Figure 3-6. For better visualization, the mapped NRI values exclude the extreme positive
and negative outliers. The links with outlying NRI values comprise a small proportion of
the total number of affected links (< 1%) and will be discussed later on in this section.
The dark green and blue coloured links in the figure denote improving conditions due to
link removal. On the other hand, the orange and red coloured links indicate degrading
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conditions due to the removal of links. The light green and yellow colours indicate links
whose NRI value suggests only a minimal change in network conditions, with an NRI
that is relatively close to zero in either respective direction. As can be seen in the callout
section for southwestern Ontario, some of the most significant NRI impacts, where link
removal results in more severe network degradation, can be felt in this region. This effect
can be attributed to the concentration of trade-generating industries, especially near the
Toronto region, resulting in high volumes of freight traveling to and from that zone.
Some northern Ontario routes are also noted to have a more severe impact due to link
disruptions, exhibiting larger NRI values, which is intuitive considering that far fewer
alternative routes are available in this portion of the province and the disruption of a link
here can cause lengthy detours.
The links exhibiting negative NRI values were visualized on their own in Figure
3-7 to analyze the patterns that emerge, where improvements to the network may arise
due to link disruptions. It is noted that the majority of the links in the negative-NRI range
are located in more northern regions of the province, and the majority of the links
correspond to the red and orange colours indicating only a minimal reduction in the
network-wide travel time from the base case (and improvement in network conditions
due to link removal). This effect is indicative of a shift in traffic to previously underused
alternatives, which serves to alleviate the congestion that may result due to link
disruption. The callout to the Toronto region in the figure shows that more significant,
although sparser, improvement effects are felt in the southwestern portion of Ontario.
This observation indicates the presence of Braess paradox, where the removal of a link
will result in an improvement in traffic conditions, in opposition to the expected effect
(Braess et al. 2005). This effect could, in part, be attributed to the NRI modeling
methodology, where the complete removal of a link, rather than a reduction of capacity
by less than 100% could lead to instances of Braess paradox (Sullivan et al. 2010).
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Figure 3-4 Visualization of Total Flows (Passenger and Truck) on Study Network (Base Case)
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Figure 3-5 Visualization of Truck Flows on Study Network (Base Case)
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Figure 3-6 Visualization of All Non-Zero NRI Values on Individual Links
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Figure 3-7 Links Whose Removal Leads to Improvement in Network Conditions (Negative NRI)
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Figure 3-8 presents the links exhibiting positive NRI values where network
degradation is observed due to link removal. The most severe impacts can be noted along
major highway segments, including portions of the 400-series highways, the WindsorMontreal trade corridor, and some northern routes where, as mentioned before, fewer
alternatives are available and detours are less likely to be extensive. This visualization
highlights the importance of the highway network for inter-regional freight flows. The
movement of goods within the province, as well as to and from external regions, is
integral to the province’s economic productivity. If some of the most severe degradation
effects are noted due to disruptions along these major trade corridors, it indicates that
they serve as critical portions of the network. Attention must be paid to ensure that the
detrimental effects are mitigated in the case of a disruptive event.
The NRI values obtained were categorized into ranges, whose frequencies are
visualized in Figure 3-9 and summarized in Table 3-1. Since approximately two-thirds of
the affected links showed positive-NRI values, the ranges encompassing them generally
show higher frequencies. The most commonly occurring NRI value depicts a very slight
improvement in network conditions, which is mostly observed in the immediate vicinity
of the disrupted link. Table 3-1 presents the same data in a more aggregate grouping for
the sake of clarity. The outlier ranges are included as the respective first and last entries.
As expected, there are fewer links whose disruption will cause severe impacts to the
network-wide travel time. These links should be of interest in criticality analysis,
especially when considering the economic impacts arising from disrupted freight flows.
Table 3-1 Frequency Distribution of Non-Zero NRI Values

Negative NRI
(indicates
improvement)

Positive NRI
(indicates
degradation)

NRI Range

Frequency

Proportion

< -10,000

56

0.35%

-500 to -10,000

337

2.10%

-50 to -500

1166

7.26%

0 to -50

3507

21.84%

0 to 100

1520

9.46%

100 to 500

2898

18.04%

500 to 1,000

1773

11.04%

1,000 to 5,000

3100

19.30%

5,000 to 100,000

1640

10.21%

> 100,000

64

0.40%
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Figure 3-8 Links Whose Removal Leads to Deterioration in Network Conditions (Positive NRI)
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Figure 3-9 Distribution of Non-Zero NRI Values Across Network Links

Figure 3-10 presents the links exhibiting extreme NRI values. These represent
outliers whose NRI fell in the range of less than -10,000 or greater than +100,000. These
outlier links represent the most severe impacts to the network due to their disruption. In
total, the negative NRI outliers are comprised of 56 links, and the positive outliers of 64
links, constituting approximately 0.75% of the total affected links (i.e., those exhibiting
non-zero NRI values). The figure shows that the negative-value outliers correspond to
some northern Ontario routes, as well as some connectors to external regions located in
southern and eastern Ontario. They are spread across 11 CDs, with the largest
concentration located in the Thunder Bay CD (28.6%) followed by the Niagara CD
(14.3%). The remaining links are distributed among the CDs of Prescott and Russel;
Essex; Kenora; Stormont, Dundas, and Glengarry; Ottawa; York; Lambton; Sudbury; and
Cochrane. Notably, among these negative-value outlier links are segments of highways
401, 402, 404, 405, and 417. Given their locations, it may be concluded that the
disruption of these links could divert traffic flows to nearby under-utilized alternatives
and result in a substantial reduction in network-wide travel time from the base case. Of
the 56 negative-NRI outliers, 36 links correspond to 18 two-way segments where both
directions of travel exhibit extreme negative NRI values; on the remaining links, extreme
NRI values appear only in one direction.
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Figure 3-10 Links with Extreme (Outlier) NRI Values
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The positive-value outliers correspond to heavily traveled highway segments in
the Toronto and Ottawa regions, and approaching the Ambassador Bridge, Canada’s
busiest border crossing for freight flows. Only 6 links (3 two-way segments) exhibit
outlying positive-NRI values in both directions, of the total of 64 links. The positive-NRI
outliers are less spread throughout the province, appearing in only 5 of Ontario’s CDs,
with the majority in York (62.5%) and Toronto (14.1%). The remaining links can be
found in the CDs of Ottawa, Peel, and Essex. The most severe network degradation
(increase in network-wide travel time) shown by the largest positive NRI values
corresponds to a segment of Highway 404 located between Toronto and Richmond Hill.
This segment has previously been identified as critical in the network (Maoh et al. 2012;
Madar et al. 2020), and the current research corroborates this finding. Substantial freight
traffic flows pass to, from, and through this region, many of which utilize this highway
connector. The disruption of this segment, then, is likely to have severe impacts for the
network, especially in the immediately adjacent region, and the economic impacts would
be felt in the increased travel time required for the diverted freight flows to reach their
destinations.
The links where no change in network condition was noted (i.e., zero-NRI) are
shown independently in Figure 3-11. As noted in the discussion for Figure 3-4, the vast
majority of these zero-NRI links correspond to links that are modeled with no passenger
or truck traffic flows during the 1 pm peak hour. Note that most of these links are located
in the southwestern portion of Ontario and near Ottawa. These are regions where many
alternative routes are available. Since the simulation model implemented a user
equilibrium traffic assignment, flows were modeled in such a way that no user could
improve their travel time by unilaterally changing routes. It makes sense that some routes
would then remain unused. These alternatives do serve a purpose, however, adding
redundancy to the network, which serves to improve the robustness of the network
(Sohouenou et al. 2020).
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Figure 3-11 Links with Zero NRI (No Change in Network Conditions from Base Case)

72

Figure 3-12 displays the location of those links where one direction of travel
exhibited a positive NRI value, while the reverse was negative. This subset consists of
1,628 links, corresponding to 814 two-way segments where opposing directions of traffic
exhibited opposite-sign NRI values. Most of these segments appear in the southern and
eastern regions of the province, with a few occurrences in the north. While it is difficult
to identify which direction resulted in which NRI value without manual inspection, this
interesting effect points to the importance of the direction of traffic flows, especially
when considering freight. The Toronto region and surrounding area, again, become the
focus of attention, as one of the centres for freight production and attraction due to the
concentration of industry in the region. It is reasonable to conclude that specific routes
are used by freight leaving the region, which could differ from those used by freight
carriers on approach. Since considerable freight moves to, from, and though this portion
of the province, the direction of travel becomes an important consideration for the most
critical highway segments.
Additional exploration was also done concerning the relationship between link
capacity and NRI. Table 3-2 summarizes the breakdown of all links in the study network
(both non-zero and zero-NRI), while Table 3-3 displays the frequency of NRI values,
grouped using the same bins as those used in the chart in Figure 3-9, categorizing the
links by the number of lanes. The most common value is observed in the 0 to -50 NRI
range that shows a minimal improvement, as previously noted in the discussion about
Figure 3-7 and Table 3-1. This capacity categorization sheds more light on the
characteristics of the links for which this slight improvement is noted. The majority
appear to belong to the 2-lane capacity category. This 2-lane capacity category of links
comprises the largest proportion of affected links, overall, followed by 3- and 4-lane
links. Since more than half of the network is comprised of 2-lane links (Table 3-2), this
result is expected.
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Figure 3-12 Links Experiencing Opposite-Sign NRI on Reverse Direction
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Table 3-2 Distribution of Link Types in Full One-Way Link Dataset

Link Type
Ramp
1 Lane
2 Lanes
3 Lanes
4 Lanes
5 Lanes

Count
4,743
581
22,352
2,677
3,586
1,167

Proportion
13.5%
1.7%
63.7%
7.6%
10.2%
3.3%

Table 3-3 Analysis of Non-Zero NRI Values and Link Capacity

NRI range
< -10,000
-1,000 to -10,000
-500 to -1,000
-250 to -500
-100 to -250
-50 to -100
0 to -50
0 to 100
100 to 250
250 to 500
500 to 1,000
1,000 to 2,500
2,500 to 5,000
5,000 to 10,000
10,000 to 20,000
20,000 to 100,000
> 100,000
Total

Ramps
4
6
28
62
53
17
29
138
124
131
150
121
31
11
3
5
6
919

1
0
5
0
1
6
6
49
34
17
20
24
27
18
6
2
2
0
217

Number of Lanes
2
3
4
45
0
7
73
16
12
148
18
22
234
36
49
342
35
69
138
33
27
3,063
214
131
1,111
61
142
800
95
140
1,121
143
180
1,162
157
213
1,233
244
260
773
136
119
608
158
113
315
188
47
68
63
23
35
11
4
11,269 1,608
1,558

5+
0
2
7
17
30
11
21
34
42
85
67
72
66
7
18
3
8
490

Total
56
114
223
399
535
232
3,507
1,520
1,218
1,680
1,773
1,957
1,143
903
573
164
64
16,061

Well over one third (42.2%) of all affected links experience moderate network
degradation (NRI in the range of 100 to 5,000) and belong to the 2- to 4-lane categories.
This range of disruption is also most common when examining the category for large
highways (5+ lanes), where 67.8% of links in this capacity category have an NRI in the
100 to 5,000 range. It is important to pay attention to these commonly occurring values,
since they represent the potential for network disruptions that can cause problems, both in
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terms of degradation of network operating conditions, as well as decreased economic
productivity due to freight delays. While the most extreme NRI values appear on a
smaller subset of links, care must be paid to ensure that the significant degradation
impacts are properly mitigated. Two possible solutions include adding capacity to already
existing infrastructure by increasing the number of lanes available for travel, where
possible, and adding redundancy in the network by providing additional alternative routes
to alleviate the delays caused by congestion when a link is disabled, and traffic is
diverted.
An additional validation step was performed, comparing the NRI obtained for the
network to the level of service (LOS) reported by the Ontario Ministry of Transportation
(MTO), which makes a dataset available of the current ratings for the year 2006. The
LOS is a qualifying measure of link performance that is based on the speed and flow rate
on the link, where an LOS rating of A represents the best performance and F represents
the worst. Typically, an LOS of C or better is desirable. The MTO dataset uses a
shapefile representation of the network links that are under this ministry’s jurisdiction
(i.e. it does not include all the links of the study network, such as local urban links). A
spatial join was employed to match the two datasets and join the LOS attributes to the
corresponding links on the study network. A total of 7,974 records were joined. A
preliminary analysis of the existing 2006 conditions shows that only 3% of the examined
links have an NRI that would be considered critical (>10,000) as well as a LOS of E or F,
indicating links operating at or beyond their design capacity. This subset represents 9.3%
of all links ranked with an LOS of E or F, and 38.8% of links with NRI > 10,000. It is not
surprising to see that only a small subset of links meets these criticality criteria,
especially given the above analysis, but it is noteworthy that the proportion of such
critical links comprises over one-third of high-NRI links. As links deteriorate, care must
be taken to ensure that the resulting potential impacts of their failure are minimized –
effects that would be compounded if the time-delays due to these links’ disruption or
failure were significant, such as those associated with high-NRI links.

76

3.6 Conclusions
This chapter implemented the NRI to examine the trucking freight transportation
network servicing the entire province of Ontario, a vast and economically active multiregional network. The NRI gives a measure of the impact of a link’s closure by
comparing the network-wide travel time under status quo conditions and under link
closure conditions. Through an iterative procedure, the NRI was calculated for the 1 pm
peak period for each link in the network. The results indicate that the most severe impacts
of network disruptions can be felt along major highways, especially those carrying flows
to and from regions with significant industry presence that generate large amounts of
freight, as well as those leading to distant markets (located in the northern part of the
province in this case), where alternative routes are usually scarce.
The general patterns observed, exploring the relationships between economic
trade corridors and link criticalities, can also be applied to other large multi-regional
economically active areas, even when a full NRI analysis of the network is not possible.
Criticalities are likely to be found along major trade corridors that serve as vital links to
connect heavy freight producers to their markets. Heavily traveled highways, for both
freight and passenger traffic, are likely to experience long delays in cases of link
disruptions, as significant volumes of traffic would need to reroute. Additionally,
criticality is also expected to increase when the availability of alternative routes
decreases, resulting in long delays for delivering vital shipments to more remote regions
of the study area.
The value in applying the NRI as presented in this chapter lies in combining
several factors that influence link criticality into a single indicator. The current analysis
provides a detailed characterization of the current conditions in Ontario and can be used
to identify areas of concern through a more holistic lens that simultaneously considers the
network’s topology, link capacity, and the demand present on the network. Given the
large-scale nature of this NRI application, the province-wide degradation arising from
network disruptions and the benefit arising from infrastructure investments can be
quantified and visualized with a greater degree of accuracy to real-world conditions.

77

The NRI analysis presented here provides a benchmark for strategic regional
infrastructure planning as it allows for the identification of the network segments that are
liable to experience the most severe degradation, as well as the effects that are most likely
to be encountered, to inform planning and mitigation measures. Exploring the
relationship between such critical segments and the patterns of truck flows occurring
under status quo conditions also sheds light on the associated economic implications of
disruptions along certain trade corridors which will impact not only the travel conditions
experienced on the network, but carry a monetary value associated with the resulting
delays.
The Ministry of Transportation of Ontario (MTO) has a list of infrastructure
rehabilitation and expansion projects planned, which is constantly updated to ensure that
the needs of the province are met. The timing of projects is often subject to the
availability of funding, environmental approvals, and other administrative factors such as
property acquisition. The long-term needs of the province are examined when prioritizing
infrastructure projects, as the province aims to maximize the benefits to the economy, for
the users of the road network, and for its citizens. In a nutshell, the NRI work developed
in this research may be used as a tool to aid policymakers such as MTO in planning
mitigation measures and infrastructure investments in order to achieve the largest
network-wide benefits.
As this research continues, the change in the proportion of free-flow and
congested traffic on the network may be examined to determine whether the most
congested links are, indeed, likely to be more critical. It is expected that congestion
effects play a major role in identifying criticalities; if a link that usually carries heavy,
congested flows is disrupted, the effects from the dispersion of those vehicles to other
routes are likely to be more severe. Additionally, since a relationship exists between the
design speed and design capacity, their relationship with network robustness and link
criticality are worth exploring. It is also important to further examine the direction of
flows, especially when multiple instances arise showing that flows in reverse directions
on a link can have opposing network-wide effects.
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Additionally, further analysis will be undertaken to explore the impacts of
disruptions to different industry categories, as the freight activity patterns, and the
associated costs of disruptions are expected to vary on the basis of industry. With the
addition of economic data as this research continues, the resulting tool will be quite
effective for applications to planning and policy making. This will allow for a more
holistic interpretation of the network conditions in the study area and a better
understanding of the effects of network disruptions. The aim is to prepare a measure for
network robustness that can identify critical portions of the network while considering
topological, operational, and economic factors simultaneously.

79

3.7 Chapter 3 References
Almotahari, A., Yazici, M.A.: A link criticality index embedded in the convex
combinations solution of user equilibrium traffic assignment. Transportation
Research
Part
A:
Policy
and
Practice.
126,
67–82
(2019).
https://doi.org/10.1016/j.tra.2019.06.005
Anderson, W.P., Maoh, H.F., Gingerich, K.: Cross-border freight movements in the Great
Lakes and St. Lawrence Region, with insights from passive GPS data. The
Canadian Geographer / Le Géographe canadien. 63, 69–83 (2019).
https://doi.org/10.1111/cag.12486
Ashrafi, Z., Shahraki, H.S., Bachmann, C., Gingerich, K., Maoh, H.: Quantifying the
Criticality of Highway Infrastructure for Freight Transportation. Transportation
Research Record. 2610, 10–18 (2017). https://doi.org/10.3141/2610-02
Braess, D., Nagurney, A., Wakolbinger, T.: On a Paradox of Traffic Planning.
Transportation
Science.
39,
446–450
(2005).
https://doi.org/10.1287/trsc.1050.0127
Cats, O., Koppenol, G.-J., Warnier, M.: Robustness assessment of link capacity reduction
for complex networks: Application for public transport systems. Reliability
Engineering
&
System
Safety.
167,
544–553
(2017).
https://doi.org/10.1016/j.ress.2017.07.009
Dawood, D., Vanikar, S., Tally, R., Cackler, T., Correa, A., Deem, P., Duit, J., Geary, G.,
Gisi, A.: Long-Life Concrete Pavements in Europe and Canada. (2007)
Dewar, K.: Peel Goods Movement Strategic Plan - Outreach and Education. Presented at
the National TAC Conference & Exhibition, Charlottetown, PEI September
(2015)
Dowds, J., Sentoff, K., Sullivan, J.L., Aultman-Hall, L.: Impacts of Model Resolution on
Transportation Network Criticality Rankings. Transportation Research Record.
2653, 93–100 (2017). https://doi.org/10.3141/2653-11
Gagnon, M., Overton, D., Gaudreault, V.: Age of Public Infrastructure: A Provincial
Perspective. 27 (2008)
Hosseini, S., Barker, K., Ramirez-Marquez, J.E.: A review of definitions and measures of
system resilience. Reliability Engineering & System Safety. 145, 47–61 (2016).
https://doi.org/10.1016/j.ress.2015.08.006
Jafino, B.A., Kwakkel, J., Verbraeck, A.: Transport network criticality metrics: a
comparative analysis and a guideline for selection. Transport Reviews. 40, 241–
264 (2020). https://doi.org/10.1080/01441647.2019.1703843
Li, Y., Luo, X., Che, G.: Vulnerability Identification of Urban Road Network under
Unexpected Congestion. Journal of Highway and Transportation Research and

80

Development
(English
Edition).
https://doi.org/10.1061/JHTRCQ.0000630

12,

88–95

(2018).

Lupa, M.R., Prather, K., de Araujo, M.P., Casper, C.: Network Robustness Index
Application at Pikes Peak Area Council of Governments, Colorado Springs,
Colorado. Transportation Research Record. 2499, 10–17 (2015).
https://doi.org/10.3141/2499-02
Madar, G., Maoh, H., Anderson, W.: Examining the robustness of the Ontario truck road
network.
Journal
of
Geographical
Systems.
(2020).
https://doi.org/10.1007/s10109-020-00320-8
Maoh, H., Anderson, W., Burke, C.: Modeling the resilience of surface freight
transportation systems: An application to Ontario, Canada. Presented at the
Canadian Transportation Research Forum (2012)
Maoh, H.F., Khan, S.A., Anderson, W.P.: Truck movement across the Canada–US
border: The effects of 9/11 and other factors. Journal of Transport Geography. 53,
12–21 (2016). https://doi.org/10.1016/j.jtrangeo.2016.04.002
Mattsson, L.-G., Jenelius, E.: Vulnerability and resilience of transport systems – A
discussion of recent research. Transportation Research Part A: Policy and
Practice. 81, 16–34 (2015). https://doi.org/10.1016/j.tra.2015.06.002
Moghaddamsafaeiazar, A.: Applying of Network Robustness Index (NRI) for
prioritization inner-city of Tabriz metropolis in disaster situation. J Inj Violence
Res. 11, (2019)
Oliveira, E.L. de, Portugal, L. da S., Junior, W.P.: Determining Critical Links in a Road
Network: Vulnerability and Congestion Indicators. Procedia - Social and
Behavioral
Sciences.
162,
158–167
(2014).
https://doi.org/10.1016/j.sbspro.2014.12.196
Reggiani, A., Nijkamp, P., Lanzi, D.: Transport resilience and vulnerability: The role of
connectivity. Transportation Research Part A: Policy and Practice. 81, 4–15
(2015). https://doi.org/10.1016/j.tra.2014.12.012
Scott, D.M., Novak, D.C., Aultman-Hall, L., Guo, F.: Network Robustness Index: A new
method for identifying critical links and evaluating the performance of
transportation networks. Journal of Transport Geography. 14, 215–227 (2006).
https://doi.org/10.1016/j.jtrangeo.2005.10.003
Sohouenou, P.Y.R., Christidis, P., Christodoulou, A., Neves, L.A.C., Presti, D.L.: Using
a random road graph model to understand road networks robustness to link
failures. International Journal of Critical Infrastructure Protection. 100353 (2020).
https://doi.org/10.1016/j.ijcip.2020.100353

81

Statistics Canada. 2017. Ontario [Province] and Canada [Country] (table). Census Profile.
2016 Census. Statistics Canada Catalogue no. 98-316-X2016001. Ottawa.
Released November 29, 2017
Sullivan, J.L., Novak, D.C., Aultman-Hall, L., Scott, D.M.: Identifying critical road
segments and measuring system-wide robustness in transportation networks with
isolating links: A link-based capacity-reduction approach. Transportation
Research Part A: Policy and Practice. 44, 323–336 (2010).
https://doi.org/10.1016/j.tra.2010.02.003
Yang, X., Zhu, Y., Hong, J., Yang, L.-X., Wu, Y., Tang, Y.Y.: The Rationality of Four
Metrics of Network Robustness: A Viewpoint of Robust Growth of Generalized
Meshes.
PLOS
ONE.
11,
e0161077
(2016).
https://doi.org/10.1371/journal.pone.0161077
Zhou, Y., Wang, J., Yang, H.: Resilience of Transportation Systems: Concepts and
Comprehensive Review. IEEE Transactions on Intelligent Transportation
Systems. 20, 4262–4276 (2019). https://doi.org/10.1109/TITS.2018.2883766

82

CHAPTER 4
MODELING THE CRITICALITY OF A REGIONAL TRUCKING NETWORK
AT THE INDUSTRY LEVEL: EVIDENCE FROM THE PROVINCE OF
ONTARIO, CANADA
4.1 Introduction
A robust and reliable road transportation network is essential for facilitating the
movement of goods between regions. Disruptive events along the road network, whether
natural or manmade, can have severe impacts on road conditions, with the potential to
drastically impede economic productivity. Depending on the nature, severity, and
location of such disruptions, their impact can influence all or specific sectors of the
economy. That is, not only do disruptions result in the degradation of the level of use
tangibly felt by network users, but the delays resulting from disruptions as traffic is
rerouted also translate into a monetary loss for industries that rely on the transport of
goods. A previous study by Ashrafi et al. (2017) has provided insight into trade criticality
based on the average value of time for freight carriers on the Ontario road network, the
same network as is of interest in the present research, and the resulting costs associated
with delays. One limitation of that study was a lack of granularity with respect to
different industries, since a difference is expected in the value derived by different
industries depending on the types of and locations of goods carried.
The present chapter endeavours to fill this gap in knowledge by exploring the
spatial interaction of freight flows within and between regions in the province of Ontario
and surrounding jurisdictions, categorized into six mutually exclusive industry
classification groups. Concepts related to transportation network criticality have been the
focus of research for at least the past decade, with an increasing number of measures
defined to quantify and identify vulnerable network segments. Criticality refers to the
characteristics of network segments that are susceptible to negative impacts due to
disruption and whose disruption would lead to significant and severe outcomes.
Expanding from previous research efforts (Madar et al., 2020; Madar and Maoh, 2020),
this chapter aims to combine the time-delay effect of link disruptions with the monetary
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value associated with the flows passing over network links to provide a more holistic
picture of the importance of Ontario’s trade routes. To this end, the conducted research
aims to examine the following hypothesis: segments identified as critical on the network
vary depending on the type of industry associated with the moved goods. The extent of
the study area, as a multi-regional network encompassing the entire province of Ontario,
this work presents a larger-scale application of the Network Robustness Index (NRI) than
has previously been implemented. Additionally, given that the province of Ontario is
home to some of Canada’s most productive regions, especially in the automotive
manufacturing industry (Anderson et al., 2019), significant freight volumes pass along
the region’s prominent trade routes. The disruption of such heavy freight volumes can
have severe repercussions to the region’s trade activities, highlighting the importance of
identifying the criticalities that could arise.
The remainder of this chapter is organized into the following sections. A
summary of some of the current research on the topic of network robustness, economic
criticality, and commodity flow estimation is given in the next section. The following
section gives a description of the characteristics of the study area of the province of
Ontario, the shapefile used to describe the road network used in the study, and the data
sources used to determine the vehicle flows introduced into the simulations. The
methodology for estimating industry-level demand and shipment value from available
data sources is described in the next section, followed by a discussion of the criticality
findings from the modeling outputs. The chapter concludes with some remarks and
recommendations that may be drawn from the presented research.

4.2 Background
Criticality has been of increasing interest to researchers, given the severe impact
of transportation network disruptions to both the physical flow conditions experienced on
the road and to economic productivity. Various methodologies have been developed and
implemented over the years to identify criticality and, when exploring freight
specifically, the importance of accurate freight flow data is paramount. This section gives
some background on some concept definitions relating to criticality and outlines some
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recent methodological approaches for estimating commodity flows. Table 4-1 presents
some network robustness measures used in recent literature with a summary of each of
their advantages and disadvantages.
A review of system resilience terminology and measures undertaken by Hosseini
et al (2016), examining various application domains, reveals that engineering applications
for these measures are relatively new. As such, it is expected that the measures and
methodologies continue to be improved upon by researchers. In a comparison of existing
criticality metrics, their applications, and data requirements, some guidelines are
proposed for identifying the most appropriate criticality measures (Jafino et al., 2020).
The authors remark that transportation network criticality may be viewed in terms of
several perspectives. Measures include examining changes in travel cost, exposure to
disruption impacts, changes in accessibility, traffic flow and density impacts, among
others. The appropriate measure of criticality chosen depends on the types of policies it is
meant to inform.
One concept of interest, robustness, refers to a network’s ability to function while
disturbed. The Network Robustness Index (NRI) developed by Scott et al. (2006), and
later adapted to the Network Trip Robustness (NTR) (Sullivan et al., 2010) are both
measures of network-wide impacts due to individual link closures. The NRI is a measure
of the change in total travel time across the entire transportation network between a link
disruption scenario and the status quo base case, while the NTR is a normalized, scalable
measure of the same effect. Criticality has also been explored using an approach similar
to the NRI for the transportation network in the province of Ontario with respect to trade,
including a component of the average value of time for freight transport (Ashrafi et al.,
2017). This work is part of the inspiration for the current chapter, as it ascribes a dollar
value to the impact of link disruptions, however, lacks industry-level disaggregation. The
capacity-based network robustness index (CNRI) presented by Du et al. (2017), examines
robustness and criticality with respect to link capacity, rather than travel time, as the
authors propose that the NRI does not adequately capture the changes in link capacity
utilization under some complex disruption scenarios. Another study addressed the
limitation of current robustness measures, many of which only account for single
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disruption events (Zhou et al., 2017). Here, the authors differentiated between random
failures and intentional attacks causing link disruptions and developed a methodology for
identifying the links whose simultaneous disruption would have the largest negative
impacts to the network.
Graph theoretical measures have also been used to represent robustness and
criticality. Effective resistance and average edge betweenness are shown to represent
network robustness well, while efficiency and algebraic network connectivity have
limited applicability (Yang et al., 2016). Such measures are generalized to any types of
networks, including transportation networks. An application to a large internet system
presents a measure for robustness elasticity that accounts for the variations in interaction
between the network’s nodes (Matisziw et al., 2012). An elasticity value greater than 1
points to a greater potential for the degradation of network performance, while an
elasticity of less than 1 indicates that the network is less sensitive and better able to
withstand a disruption.
With respect to freight flow estimation, the well-known Commodity Flow Survey
(CFS) collected in the United States (US) has been widely implemented, including one
research project where employment and input-output (IO) data were supplemented from
reliable secondary sources to produce a comprehensive model (Giuliano et al., 2010). The
CFS informs the Freight Analysis Framework (FAF), which has been applied to research
where disaggregated FAF truck flows were converted into trips to estimate the demand
matrix to obtain total demand, zonal production and attraction, origin-destination (OD)
flows, and link flows (Jansuwan et al., 2017). Another application for Korea, which
conducts a CFS, combines this data with a truck diary survey in order to generate a model
for national freight demand (Park and Hahn, 2015). A multi-regional input-output
(MRIO) approach estimates freight attractions between regions, while a traditional
gravity model approach is used for commodity flow distribution. Where available,
datasets like a CFS provide a wealth of information to be used in such analysis.
As the present study focuses on industry-specific flows in a jurisdiction where a
CFS is not currently available to the level of detail of the US, an examination was
undertaken of other existing studies that have aimed to develop methodologies to
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estimate commodity flow data. One recent approach to identifying commodity flows has
been through estimating large-scale MRIO models at the regional and global levels
(Bachmann et al., 2015a, 2015b). Regional employment data serves as a proxy to
estimate the output of each industry being modeled in each region of interest, while
regional population data is used to estimate consumption by commodity and region.
Interregional trade flows, imports, and exports for each industry and respective region are
collected from available commodity flow data and an optimization is undertaken to adjust
the MRIO values, while matching known totals (Bachmann et al., 2015a). A similar
approach was then extended to a multi-scale MRIO model for applications to more
comprehensive analysis at a global scale, using national databases for inputs (Bachmann
et al., 2015b).
Where disaggregate data is available, models are generally developed either on
the basis of trip-based or commodity-based approaches, each with its strengths and
weaknesses in terms of the characteristics that can and cannot be captured (HolguínVeras and Patil, 2008; Jansuwan et al., 2017; Raothanachonkun et al., 2007). HolguínVeras and Jaller (2014) recommend that vehicle tracking data, such as that collected
through GPS tracking, is most effective when used in conjunction with other data
collection methodologies. The importance of integrating vehicle tracking (trip-based)
data with commodity characteristics or driver activity surveys has been highlighted as a
way to provide a more complete picture of the complexities attributed to freight
movements (Alho et al., 2018). Another methodology implemented in the US involves
the construction of social accounting matrices and using commodity flow survey data to
construct a commodity by industry flow matrix (Jackson et al., 2006). In a commoditybased approach, a commodity matrix is converted into a truck flow matrix based on
freight characteristics, such as weight and payload (Raothanachonkun et al., 2007).
Extending from some existing research efforts, this chapter presents a
methodology for using existing data sources to estimate industry-specific OD matrices
for the province of Ontario, aiming to differentiate between the movements of different
types of commodities. This section defines the relevant concepts applied in this research
and offers a brief overview of some methodologies for estimating freight flows.
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Table 4-1 Summary of Current Criticality Indicators

Indicator
Link Criticality
Index (LCI)
(Almotahari and
Yazici, 2019)

Description
• User equilibrium with convex
combinations solution algorithm
• Function of flow, demand, and
travel time

Advantages
• Requires
only
one
traffic
assignment
• Criticality ranking considers
network
connectivity
and
redundancy as well as traffic
conditions
• No case-specific scores; all links
ranked consistently

Trade criticality
(Ashrafi et al.,
2017)

• Quantifies economic criticality of
highway links with respect to the
monetary cost of highway closures
based on the value of goods, time
delay, and associated value of time

Link Performance
Index for
Resilience (LPIR)
(Calvert and
Snelder, 2018)

• Evaluates resilience level of
individual
network
sections
compared with larger network
• Considers link failure resistance
and link recovery ability on the
basis of flow density on links

• Rankings have some correlation
with truck volumes, but values of
shipments and network redundancy
cause the correlation to differ
• Monetary cost of disruptions can
be used for cost-benefit analyses of
potential
infrastructure
improvements
• Considers
recovery
from
congestion events
• Focus on common, everyday
traffic events, rather than major
events or disasters
• Methodology allows for analysis
of volatile traffic conditions
• Captures the importance of links
that travel time measures cannot
• Straightforward explanation of

Capacity-based
• Link-specific index for the
Network
difference in total network capacity
Robustness Index between base network conditions
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Disadvantages
• Requires path enumeration, a
time-consuming
and
computationally intensive process
for larger networks
• Does not account for link
interactions,
variable
travel
demand, and stochasticity
• Link-based convex combinations
algorithm is less efficient
• Short-term
measure;
only
captures the immediate costs of
shipment delays
• Does not consider different
commodity types
• Results
exclude
additional
operating costs due to rerouting
• Uses loop detector data, which is
not always readily available
• May not be able to easily identify
freight traffic
• No industry breakdown
• Small-scale urban application
• Cannot easily quantify the value
of delays
• More difficult to integrate an

(CNRI)
(Du et al., 2017)

and link blockage scenario

Robustness
elasticity
(Matisziw et al.,
2012)

• Mathematical
programming
approach to identifying the bounds
on robustness
• Exploring effects of arc deletion
• Network robustness quantified
with respect to node interactions

• Link-specific index for the
difference in total network travel
time between base network
conditions and link removal
scenario
• Function of network spatial
characteristics, system-wide travel
time, and system-wide demand
Random road
• Examines the correlation between
graph model
different network attributes and
(GREREC)
network robustness
(Sohouenou et al., • Considers
single,
multiple,
2020)
random, and targeted link failures
Network Trip
• Summation of NRI values across
Robustness (NTR) all network links, normalized by
Network
Robustness Index
(NRI)
(Scott et al., 2006)

impact of link closures on network
conditions
• Can
give
complementary,
supplementary,
and
practical
information
when
travel-time
measures are not significant
• Exact mathematical formulation
allows for unbiased comparisons
across varying network states
• Can model varying subsets of
node deletions
• Simultaneously evaluates network
structure and performance
• Considers all unique paths
between node pairs
• Accounts for spatial relationships,
network topology, OD demand, and
link/highway segment capacity
• Evaluated using readily available
data sources
• Outperforms
traditional
volume/capacity measures

economic component
• Small scale application

• Application to data transmission
across an internet network is not
directly
transferrable
to
transportation networks; does not
account for vehicle traffic and
driver behaviour

• Computationally
large networks

intensive

for

• Allows for analysis on theoretical • Limited
by
computational
artificial networks with similar capacity
topologies to real-world networks
• Small-scale application
• Scalable
system-wide • Computationally
performance measure
large networks
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intensive

for

• Allows for less than 100% link
capacity reduction
• Can be used to compare networks
of different size, topology, and
level of connectivity
Proximity-growth • Graph
theoretical
measure • Network topology attributes of
algorithm for
investigating the robust growth of algebraic connectivity, effective
generalized
generalized meshes
resistance,
average
edge
meshes
betweenness, and efficiency used as
(Yang et al., 2016)
metrics for robustness
(Sullivan et al.,
2010)

total network trip demand
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• Best suited for scenario-specific
assessments
• Disregards spillback effects
• Application to abstract networks;
not readily applicable to road
transportation networks
• Network-wide topology measures
do not capture link-specific
importance

4.3 Study Area and Data
The study area for this research covers the province of Ontario, Canada and the
trucking road network that services it, along with connections to external zones. As
Canada’s largest provincial economy and major generator of trade, a significant volume
of freight flows is present between Ontario’s regions, as well as between Ontario and
other Canadian provinces, and the US (Statistics Canada, 2021). The current research
employs the same set of 74 origin and destination zones as the previous study (Madar and
Maoh, 2020), consisting of Ontario’s 49 Census Divisions (CDs) and 25 external zones in
other Canadian provinces and the US connected to Ontario by road (Figure 4-1). A
shapefile representation of the road network is used in this study, designed for modeling
in EMME 4.3.4 traffic assignment software and consisting of 35,254 links and 14,444
nodes. For additional details on the shapefile and its design, see Madar et al. (2020).
A multi-class traffic assignment was undertaken, using passenger flows and
industry-specific truck flows. The same passenger OD demand matrix as used in previous
research (Madar et al., 2020; Madar and Maoh, 2020) was applied to the traffic
assignment exercise here. The freight OD demand matrices introduced into the analysis
were estimated based on each shipment’s industry-of-origin. Six mutually exclusive
industry groups were defined to classify freight trips, based on two-digit Standard
Industrial Classification (SIC) categories, shown in Table 4-2. The proportion of trips
belonging to each group, based on the number of trips recorded to begin at these
respective industries, reflects the nature of economic activity in Ontario. The multi-class
traffic assignment (with each industry group representing a class, along with the
background passenger trip class, each with its own demand matrix) was modeled using
the built-in Second-Order Linear Approximation (SOLA) traffic assignment algorithm in
the EMME software. SOLA satisfies Wardrop’s user optimal principle, where each
traveler chooses the shortest available route and no traveler can improve their travel time
by unilaterally changing routes. The algorithm uses second-order derivatives of the
objective function and aims to minimize the area under the volume-delay curve. For
additional detail regarding the development of the algorithm, readers are encouraged to
consult the supporting literature by Bar-Gera et al. (2012) and Florian and Morosan
(2014). One benefit of the SOLA algorithm is its efficient convergence and its ability to
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provide results comparable to a standard traffic assignment routine, outputting the link
volumes for each defined class. The stopping criteria for the traffic assignment was
specified to a maximum 100 iterations, relative gap of 0.00001, best relative gap of
0.01%, and normalized gap of 0.005.
Table 4-2 Industry Groupings

Industry Group
1
2
3
4
5
6

SIC codes
01 – 14
15 – 17, 48 – 49
20 – 39
40 – 47
50 – 59
60 – 99

Description
Primary Industry
Construction and Utilities
Manufacturing
Transportation
Wholesale and Retail trade
Other services

Proportion of Trips
1.5%
6.6%
17.6%
24.6%
27.4%
22.2%

Two main data sources inform the creation of the freight demand matrices. The
first is a trip dataset for a large number of Canadian trucking carriers with each trip
containing the location and four-digit SIC code of the origin and destination
establishments serviced by the truck making the trip. The trips were extracted from GPS
pings that were obtained from Shaw Tracking for the month of January 2014 to obtain the
distribution of trucking flows in and through Ontario based on the industry classification
at each trip’s origin1. A total of 267,013 trips were made by 22,628 trucks that were
owned by 461 Canadian carriers. The industry classification at the GPS trip origins were
used to denote the industry groups for this research, since it is likely that trips originating
within some industries (e.g. Transportation) will visit a variety of other industry
destinations. Thus, the origin was considered a more accurate designation of the nature of
freight activity. The second data source is the Commercial Vehicle Survey (CVS)
prepared by the Ministry of Transportation of Ontario (MTO) for the year 2014. A
detailed description of the GPS data processing and the identification of origin and
destination locations and industry classifications can be found in Gingerich (2017). The
CVS contains total flows between and among Ontario’s CDs and external zones, along
with the value of the goods carried from each origin to each destination. Using the
1

See Gingerich (2017) for the method used to generate the trucking trips.
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industry distribution of truck trips from the GPS data and the comprehensive total flow
data from the CVS, industry-specific freight demand matrices were estimated, as outlined
in the next section. It should be noted that a limitation of this study is the exclusion of
empty truck trips. Considering only loaded trips in the context of this chapter accents the
dimension of shipment value for economic criticality and provides a starting point and
framework that can be expanded in future research.
The flows were scaled for a typical 1 pm weekday peak hour, as this represents
the heaviest time for truck flows and is expected to produce “worst case scenario” results.
Since the CVS reports a daily value of total truck flows, an hourly factor was applied to
each zonal total to obtain the corresponding 1 pm truck totals. The MTO provides hourly
traffic information at locations across Ontario, which were used to determine the hourly
factors. The GPS data is deemed a representative sample in our study given the
correlations of 0.93 and 0.91 for trip origins and destinations between the CVS and GPS
datasets. While the majority of records in the GPS data correspond to for-hire carriers,
some of the subscribers from whom GPS data were collected included private company
fleets. The authors are confident in the dataset’s close representation of freight activity in
the province and use as a guide for proportioning trips to each industry group.
The Transportation industry group was of particular interest since it is not readily
associated with any specific types of goods and it was important to examine the nature of
the trips recorded for this industry group. The majority (90.6%) of trips classified to this
industry group (given by the SIC of the origin establishment) belong to the specific
industries for Motor Freight Transportation (SIC 42) and Transportation Services (SIC
47). Exploring the classification of the destination establishments at the two-digit SIC
level, 16.0% of trips will end at establishments classified to Motor Freight Transportation
(SIC 42), an additional 9.5% of trips end at Wholesale Trade (SIC 50-51) establishments,
while the remainder are distributed among the other industry classifications with
proportions ranging from <1% to 4.8% of trips. This demonstrates that, while there are
some trips carried among freight carriers (possibly as single intermediary legs of multileg trips), the variety in the industry classifications of the trip ends shows that the
Transportation industry carries goods for a wide array of establishments.
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Figure 4-1 Study Area
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As this chapter is concerned with the economic criticality of the Ontario road
network, the CVS dataset was also utilized to estimate the average value of shipments
being transported for each industry group. The next section details the process of
identifying these values. The industry-level traffic assignment allows us to observe the
spatial interactions for each industry group and analyze the value of goods present on
each link of the road network. Having previously identified the network links whose
disruption causes the longest network-wide delays (Madar et al., 2020; Madar and Maoh,
2020), a measure of economic criticality can now be expressed as a combination of the
links whose disruption causes a significant degradation in network conditions and the
links carrying a high value of goods. This metric combination was chosen to represent
economic criticality due to the rigid time constraints to which freight deliveries are often
bound.

Delayed deliveries are likely to incur monetary penalties and contribute to

reduced productivity and economic losses. Hence, network disruptions (whose severity is
given by the NRI) must be avoided and the links carrying high shipment values must be
protected to prevent the repercussions of disrupting supply chains, manufacturing
processes, etc. Such a characterization of economic criticality has not been explored in
the literature previously, to the authors’ knowledge.

4.4 Methods of Analysis

4.4.1 Estimating Industry-Specific Trips
The demand matrix estimation by industry was done in three stages. The first
stage estimated the industry-specific zonal freight flow totals (i.e., trip origins and
destinations) for the 49 CDs within the province of Ontario. Similarly, the second stage
entailed estimating the industry-specific total freight flows for the 25 external zones
located in adjacent Canadian provinces and the US. In the last stage, these zonal totals
were used in the estimation of the distribution of flows among all 74 zones, resulting in
six freight demand matrices, one for each industry group. The estimation of the zonal
industry-specific trip origins in the first stage was based on the following formula:

95

𝐺𝑃𝑆
𝑂𝑖𝑛 = 𝛽𝑛𝑖 𝑂𝑛𝑖

𝐺𝑃𝑆
where 𝑂𝑛𝑖
is the number of truck trips originating in zone i for industry group n from

the truck GPS data, and 𝛽𝑛𝑖 is an adjustment factor to be estimated and applied to each
𝐺𝑃𝑆
respective 𝑂𝑛𝑖
. The adjustment factor was obtained by minimizing the following

objective function (Ei):
2

6

𝐺𝑃𝑆
𝐸𝑖 = ((∑ 𝛽𝑛𝑖 𝑂𝑛𝑖
) − 𝑂𝑖𝐶𝑉𝑆 )
𝑛=1

where 𝑂𝑖𝐶𝑉𝑆 is the total number of trucks trips originating in zone i from the CVS truck
data. Similarly, the zonal industry-specific trip destinations were based on the following
formula:

𝐺𝑃𝑆
𝐷𝑗𝑛 = 𝛽𝑛𝑗 𝐷𝑛𝑗

𝐺𝑃𝑆
where 𝐷𝑛𝑗
is the number of truck trips destined to zone j for industry group n from the

truck GPS data, and 𝛽𝑛𝑗 is an adjustment factor to be estimated and applied to each
𝐺𝑃𝑆
respective 𝐷𝑛𝑗
. As in the case of the origins, the adjustment factor 𝛽𝑛𝑗 was obtained by

minimizing an objective function that depended on 𝐷𝑗𝐶𝑉𝑆 , the total number of truck trips
destined to zone j from the truck CVS data. It is worth noting that the objective function
Ei represents the square of the error between the observed and the sum of the
disaggregated trip productions or attractions. The purpose of the optimization was to
obtain the best adjustment factors (𝛽𝑛𝑖 and 𝛽𝑛𝑗 ) that will minimize this error. With the
CVS data providing marginal zonal origin and destination totals, without industry-level
detail, and the GPS dataset providing a sample of industry-level shipments, the
adjustment factors (𝛽𝑛𝑖 and 𝛽𝑛𝑗 ) were estimated through the optimization such that the
CVS totals were distributed among the industry groups according to the proportions of
the GPS data. The high degree of correlation between the two sets of traffic assignment
flows shows that the GPS dataset is a good representation of the industry breakdown in
Ontario and within the CVS totals.
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In the second stage, the Iterative Proportional Fitting (IPF) method was applied to
estimate the industry-specific origin and destination totals for each external zone. IPF is a
commonly applied methodology for updating a two-dimensional table (Lomax and
Norman, 2016). Unlike the case for the internal zones, the external trips in the GPS data
were all classified to a single external zone and therefore the GPS data provided only
aggregate totals for the number of trip origins and destinations by industry group n. The
CVS dataset included marginal trip totals for each of the 25 external zones defined for the
study area, but without industry-level granularity. The IPF method was applied to
distribute the industry-level proportions given by the GPS data to the zonal totals
available from the CVS data. A table was generated consisting of 25 rows representing
the 25 external zones and 6 columns representing the 6 industry groups. In the case of trip
origins, the marginal totals representing the target values in the 25 × 6 table corresponded
to the total number of trips produced in external zone i from the CVS data (row
marginals) and total number of external trips by industry in the GPS data (column
marginals). The seed matrix used in the IPF method was set to 1. A similar exercise was
followed to estimate the destinations by industry for the 25 external zones. The IPF
formulation for external Oi values is specified as follows:

𝑂𝑚𝑘 = 𝑜𝑚𝑘 ∙ 𝑎𝑚 𝑇𝑚𝐶𝑉𝑆 ∙ 𝑏𝑘 𝑇𝑘𝐺𝑃𝑆

where 𝑂𝑚𝑘 is the number total number of trips of industry group k that originate in zone
m, 𝑜𝑚𝑘 is the initial number of trips of industry group k originating in zone m (retrieved
from the seed matrix), 𝑇𝑚𝐶𝑉𝑆 is the total number of trips originating in zone m from the
CVS data (row marginal), 𝑇𝑘𝐺𝑃𝑆 is the total number of trips produced by industry group k
from the GPS data (column marginal), and 𝑎𝑚 and 𝑏𝑘 are balancing factors estimated
iteratively to ensure that the distributed trips are constrained to the respective totals.
Similarly, the formulation for external Dj values for trips of industry group l destined to
zone n is as follows:

𝐷𝑛𝑙 = 𝑑𝑛𝑘 ∙ 𝑎𝑛 𝑇𝑛𝐶𝑉𝑆 ∙ 𝑏𝑙 𝑇𝑙𝐺𝑃𝑆

97

Having now estimated the Oi and Dj zonal totals for each of the six industry
groups from stages 1 and 2, the 74 × 74 industry-specific demand matrices with OD trips
𝑇𝑛𝑖𝑗 were then estimated using a doubly constrained gravity model approach in stage 3.
That is:

𝑇𝑛𝑖𝑗 = 𝐴𝑛𝑖 𝑂𝑛𝑖 𝐵𝑛𝑗 𝐷𝑛𝑗 exp(𝛽𝑛 𝑡𝑖𝑗 )

where 𝐴𝑛𝑖 and 𝐵𝑛𝑗 are balancing terms, 𝛽𝑛 is the friction of space (distance) parameter
specific to industry group n, and tij is the congested travel time between origin zone i and
destination zone j. The Hyman algorithm (Hyman, 1969; Ortuzar and Willumsen, 2011)
was applied to estimate the respective 𝛽𝑛 parameters using OD flows from the GPS data.
The doubly constrained gravity model was coded to run in GAUSS and required the
following inputs for each of the industry groups: the number of zones (i.e., 74), friction of
space parameter 𝛽𝑛 , convergence criterion, cost matrix tij, and the Oni and Dnj totals. A
relative gap of 0.001 was used as the convergence criterion for each industry group to
balance the 𝐴𝑛𝑖 and 𝐵𝑛𝑗 terms. A factor of 3 Passenger Car Equivalent (PCE) units was
applied to the final demand matrices before using them in the traffic assignment. This
PCE factor was chosen since the freight traffic present in the study area consists
overwhelmingly of heavy flows, especially at the inter-regional scale. Considering the
heavily traveled trade corridors and the significant production in some of Ontario’s
regions, it was important to ensure the freight flows used in the analysis represented the
impact of the truck flows regularly encountered on the network.

4.4.2 Estimating Industry-Specific Shipment Values
The CVS reports on the total value of all shipments between each OD pair
similarly to the total number of truck trips. These values were scaled to correspond to the
peak hourly period (instead of daily) and to account for the adjustments due to the
industry-specific estimation. To isolate the values attributed to specific industry groups,
each industry’s demand matrix was examined to identify unique values, namely, those
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OD pairs where only one trip belonging to only one industry group appeared. In all such
cases, the corresponding shipment value for that OD pair could be assumed to be
attributed to the industry undertaking the trip. A list of such unique values was used to
calculate an average value per shipment for each respective industry group.
This strategy was successful for industry groups 3 to 6, which comprise a larger
proportion of the province’s freight activity (see Table 4-2). In the case of the Primary
Industry (group 1), the resulting demand matrix was quite sparse, given the small
proportion of trips belonging to this group. An average shipment value could not be
estimated and, as such, while the flows belonging to this industry were included in the
analysis, the individual economic criticality attributed to this industry group could not
explored. While the exclusion of the Primary Industry group is a limitation of this study,
this industry group covers establishments whose contribution to freight activity in
Ontario is minimal, especially compared with the other groups, as evidenced in Table 42. In the case of Construction and Utilities (group 2), sufficient records were present,
however, no OD pairs recorded trips exclusively from this industry group. To overcome
this, OD pairs were identified where the recorded trips corresponded to the Construction
and Utilities group and one other group. Retrieving the total value for the shipments
between this origin and destination, knowing the number of trips attributed to each of the
two industry groups, and having calculated the average value per shipment of the other
industry, a cost for the Construction and Utilities trips could then be isolated and an
average value calculated.

4.4.3 Measures of Criticality
The industry-specific demand matrices, along with the OD matrix corresponding
to background passenger flows, were introduced into a multi-class traffic assignment
procedure. The traffic assignment outputs showed the spatial distribution for each
industry group, the results of which will be further discussed in the following section. In
all cases, criticality refers to network segments that carry high value flows and whose
closure would result in significant network-wide delays of the rerouted traffic, especially
near the disruption site. Rerouting and delaying high value flows, especially when
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considering the types of penalties associated with delayed deliveries (Ashrafi et al., 2017)
has the potential to severely impede economic productivity.
The modeling outputs gave information regarding the number of vehicles
belonging to each industry group passing along each link and the congested travel time
experienced on each link. Using the calculated average value per shipment by industry,
the total value of shipments on links was determined. The value flows on links were
categorized into ranges. A criticality threshold value of $250,000 was defined for each
industry group as well as total flows, where links carrying shipment values above this
threshold are considered highly critical. This threshold is based on the mean truck volume
modeled on links and the mean estimated value of all shipments.
The second facet of criticality explored was the travel time delay. This is based on
the previously determined Network Robustness Index (NRI) for each link (Madar and
Maoh, 2020). A threshold NRI value of 10,000 vehicle-minutes (veh∙min) was chosen to
delimit criticality with respect to link closure effects. The NRI is a network-wide measure
of the difference in total network travel time between a link closure scenario and the base
case traffic assignment scenario, given in veh∙min. While the NRI is able to capture
network-wide impacts of link disruptions, it is important to remember that there is a
greater magnitude to these impacts nearer to the disrupted link, becoming more diffused
further away (Madar et al., 2020). The threshold value of 10,000 veh∙min, then,
represents scenarios in which the impact of link disruptions in the vicinity of the affected
links would have a significant effect on the traffic conditions. In the case of both
criticality criteria, the thresholds were selected to represent the most critical links;
however, this is not to say that links having lower values should not be considered
important.
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4.5 Results and Discussion

4.5.1 Industry-Specific Demand and Shipment Value
The 𝛽𝑛  parameters introduced into the gravity model, obtained through the
Hyman algorithm, are given in Table 4-3, for each respective industry group. These
parameters give an indication of each industry’s sensitivity to the travel time.
Table 4-3 Gravity Model Parameters for each Industry Group

Industry Group
1
2
3
4
5
6

Description
Primary Industry
Construction and Utilities
Manufacturing
Transportation
Wholesale and Retail trade
Other services

𝜷𝒏 𝑷arameter
-0.0099
-0.0117
-0.0200
-0.0212
-0.0172
-0.0131

Table 4-4 outlines a correlation analysis of the spatial patterns among the five
industry groups to determine the degree of association between any industry groups and
the spatial interaction they exhibit. This is based on the modeled link flows, which were
output by the modeling software for each industry group following the traffic assignment.
The correlation analysis compares the flow volumes on each network link among pairs of
the different industry groups. Of course, some degree of correlation is expected, given the
nature of the network and the centres of economic production and attraction, which will
be occupied by multiple industry groups. However, it is expected that, due to the variety
of goods (for which some regions may be more specialized than others), the correlation
will not be exceedingly high in all cases. Being aware of the relationships between the
industry groups’ activities and spatial interactions may help inform policies that can
simultaneously protect multiple sectors of the economy and more efficiently protect and
promote economic productivity. The highest correlation is noted between the
Transportation and Manufacturing industry groups. Considering that the Great Lakes
automotive manufacturing cluster is Canada’s largest vehicle producing region
(Anderson et al., 2019), this is not surprising. A large proportion of shipments are
expected to transport the materials necessary for the manufacturing processes, move
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intermediate products between facilities, and transport the finished automobiles to their
respective markets. Some of these activities will likely be carried out by carriers
belonging to the Transportation industry group, rather than the manufacturers themselves.
The same observation was noted in the previous section, when examining the
Transportation industry group and the association between the Transportation Services
(SIC 47) and Motor Freight Transportation (SIC 42) industry classes.
Table 4-4 Correlation Analysis of Freight Flow Distributions for Industry Groups

Industry
Group

2
2
3
4
5
6

0.617
0.528
0.631
0.502

Industry Group
3
4
5

0.882
0.661
0.509

0.522
0.390

6

0.690

The estimated average values per shipment for each industry group are outlined in
Table 4-5. While the shipment value is expected to vary from truck to truck within each
industry group, the average estimates allow for a representation of network conditions
using the static traffic assignment and the aggregation level of the industry classes. The
highest values are observed for the Construction and Utilities, and Services industry
groups, while the lowest are estimated for the Manufacturing and Trade industry groups.
The magnitudes of these average values can be attributed to the types of sub-categories
included within each industry grouping and the variety of goods transported for each
industry. For example, some specialized materials and machinery would be required for
the operations of establishments belonging to the Construction and Utilities industry
group, which are expected to drive up the average value of goods carried for this
industry. Conversely, the Manufacturing industry group is expected to carry raw
materials for the respective manufacturing processes, which can be low-value bulk goods,
driving down the average value of each shipment. Of course, due to the diversity present
in the Manufacturing group, not all manufacturing goods shipped in the study area are
exclusively low-value. However, the frequency of high-value, specialized shipments of
manufactured goods is expected to be less than that of the lower-value shipments, leading
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to a down-shift in the average shipment value for this industry group. The mid-range
average value for the Transportation group can be attributed to the variety of goods being
transported, since we know that carriers in this industry group transport goods destined
for a wide variety of industries.
Table 4-5 Average Value per Freight Trip by Industry Group

Average Value/Trip

2
$9,940

Industry Group
3
4
5
$1,263
$5,288
$2,813

6
$8,815

4.5.2 Industry-Level Criticality
A comparison was made between the traffic assignment outputs of the total CVS
flows and the summed industry flows derived from the GPS data. A correlation of 93% is
observed, demonstrating that the estimated industry-specific demand matrices produced
accurate results. When examining the categorized link value flows, it is noteworthy that,
of the total number of links in the network, only a subset of 12,635 links (36.0%) receive
a non-zero value of total flows, indicating they carry flows for at least one industry
group. There are a total of 801 links classified as critical using the NRI threshold
criterion, representing 2.3% of the entire network of links and 6.3% of the 12,635 links
utilized to carry flows for any of the industry groups. In the case of both criteria, a larger
proportion of the utilized links in each industry group falls to the smaller ranges of value
flows and NRI, with a general pattern of diminishing the proportion of links assigned
with higher value flows and higher NRI. This demonstrates that commodities are diffused
through the network and not only carried along the major trade routes. The areas of
criticality and high value flow concentrations explored in the figures for each industry
group in this section reveal locations of high production or consumption. Based on these
zones’ economic productivity, priority should be given to maintaining the links servicing
them, as their disruption is liable to lead to severe economic losses due to delays and
rerouting of freight flows.
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Figure 4-2 shows a comparison between the total trucking freight flows (top) and
total value flows (bottom) resulting from the summation of each industry’s respective
truck (PCE) flows and value flows present on each link. The physical freight flows
follow the pattern expected for this region. The Toronto area, one of the province’s
largest economic producers, exhibits a high concentration of freight flows, attributable to
freight movements into and out of the region. The Montreal-Windsor trade corridor is
also highlighted through the heavy flows observed along the highway running along the
southeastern edge of the province. Also prominent are corridors leading to border
crossings with the US, especially the Ambassador Bridge between Windsor, Ontario and
Detroit, Michigan; the Blue Water Bridge between Sarnia, Ontario and Port Huron,
Michigan; and the Peace Bridge between Fort Erie, Ontario and Buffalo, New York.
Northern connection routes are also visible as the corridors carrying flows to Ontario’s
northern CDs.
Some similarities can be noted between the distribution of physical freight flows
and value flows, which is to be expected since the two measures are related to each other.
The Toronto region and Montreal-Windsor corridor are also more prominent for value
flows. A few additional routes in the eastern and northern reaches of Ontario appear to
carry higher value flows. The reason for this distribution can be attributed to the spatial
interactions of individual industries and the value associated with each of these industryspecific flows. The industry groups will be examined independently to further explore
these effects.
Figure 4-3 showcases the previously mentioned total value flows on the Ontario
network (top) compared with the critical links identified for the province’s total freight
demand (bottom). The bottom map in this figure shows the subset of links with NRI
greater than 10,000 veh∙min that also meet the shipment value criteria. A colour code for
the total shipment value present on the links is used to highlight the economic aspect of
criticality being explored. The spatial economic patterns observed for the study area can
be explored more in-depth through the categorization of the degree of criticality (i.e.,
higher value flows). For example, the routes identified as critical in the northern part of
the province appear to carry values on the lower end of the spectrum, while remaining
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above the criticality threshold of $250,000. This could be attributed to the fact that there
are fewer municipalities located in the north, thus, requiring and producing fewer goods.
However, it is still important to supply trade links to these areas, which the criticality
analysis demonstrates. A high concentration of critical links is centred around the
Toronto region, highlighted in the callout, which is expected due to the area’s high
concentration of industry. Also critical are the connections to external zones, including
the Ambassador, Blue Water, and Peace bridges connecting to the US, as well as regions
in the far east of Ontario. The Ambassador Bridge is North America’s busiest border
crossing (Gingerich et al., 2016; Moniruzzaman et al., 2016), with the other two crossings
also carrying significant trade flows, so their criticality is expected. This highlights the
importance of inter-regional economic trade and criticality.
Figures 4-4 to 4-8 similarly show the industry-specific distribution of value flows
and critical links. As in Figure 4-3, the bottom map visualization in each of these figures
shows the subset of links that meet both criticality criteria, where all links shown have an
NRI greater than 10,000 veh∙min and a critical shipment value given by the colour code.
Some similarities arise among the visualized industries. Heavy value flows (and,
therefore, freight flows) as well as critical links associated with each of the five industry
groups are noted to centre around the Toronto area. As Canada’s largest metropolitan
region and a hub for industrial activity, Toronto is expected to see a significant amount of
activity from all industry types. Construction and Utilities, for example, would serve to
expand development, while the Manufacturing, Trade, and Transportation industry
groups would serve the production and consumption of various goods to the area.
Similarly, the Montreal-Windsor corridor is an important route for trade between
production regions and trading partners in Ontario, Quebec, and other regions in the US.
It is not surprising to observe extremely high-value flows along this corridor for all five
industry groups, and link criticalities arising especially for the Transportation, Trade, and
Services groups, highlighting Ontario’s contributions to Canada’s economic activity.
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Figure 4-2 Comparison of Total Network Truck Flows (PCE) and Total Network Link Value Flows
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Figure 4-3 Comparison of Total Network Link Value Flows and Total Critical Links (NRI and Value)
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Figure 4-4 Comparison of Construction Industry Group Link Value Flows and Critical Links
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Figure 4-5 Comparison of Manufacturing Industry Group Link Value Flows and Critical Links
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Figure 4-6 Comparison of Transportation Industry Group Link Value Flows and Critical Links
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Figure 4-7 Comparison of Trade Industry Group Link Value Flows and Critical Links
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Figure 4-8 Comparison of Services Industry Group Link Value Flows and Critical Links
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Routes connecting northern Ontario exhibit some heavier concentrations of flows
for each industry group, with the Construction and Utilities and Transportation groups
also exhibiting criticalities within this region. This points to the importance of
maintaining connections for distributing necessary goods to this distant part of the
province, as evidenced in the criticality for the Transportation industry. As for the
criticality attributed to Construction and Utilities, the nature of the goods being
transported (i.e., stone and wood products) is emphasized, since such resources are found
plentifully in the north. The Manufacturing group exhibits the smallest number of critical
links. Manufacturing activities, especially between producers and the markets where the
goods are sold, are expected to be widely dispersed throughout the region, indicating that
flows would use a variety of routes. It is possible that value flows, then, become diffused
through the network and only a smaller subset of links will carry higher flow values to
qualify for both criticality criteria. Similarly, value flows for Transportation are
distributed through most portions of Ontario. In addition to the common critical
segments, high value flows are observed for Transportation near other larger metropolitan
areas, such as Ottawa, located in the eastern portion of the province Considering that this
industry group is associated with freight flows that end at a wide variety of destination
industries and represents the second-highest proportion of freight flows in the study area,
this diffusion is to be expected.
The Wholesale and Retail Trade and Services industry groups see a similar
diffusion through the network. With the largest share of flows, this points to the need to
make wholesale and retail goods available to consumers in every municipality and
settlement, as we note heavy flows passing through larger metropolitan areas, where
demand is expected to be the highest. Given the varied nature of the Services industry
group, which includes establishments involved with finance, insurance, and real estate,
accommodation and tourism, repair shops, professional services, and various public
administration institutions and programs, the same diffusion effect is expected to serve
Ontario’s citizens. The high average value of shipments for Services contributes to the
criticalities associated with this group. Overall, the freight activity patterns and areas of
criticality point to the importance of maintaining the trade corridors that facilitate the
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movements of goods, as an integral part of the province’s basic functioning and economic
productivity
Table 4-6 presents industry-specific average value of goods carried by trucks on
the most critical segments of the network. The segments represent the following: (1) main
highway leading from the Toronto area northward; (2 to 4) Montreal-Windsor corridor,
separated into three segments, for northeastern Ontario, southwestern Ontario, and
Toronto, respectively; (5) major highways connecting to northern Ontario; (6) approaches
to major international border crossings. For each industry group, an average value was
taken of the links falling in any of these segments, which met both criticality criteria,
which provides an overview of the magnitude of freight activities for each group. The
table presents both an arithmetic and weighted average by kilometre. While the two
averages reveal consistent trends among the industry groups and different segments, the
weighted average provides a better picture, since the values are weighted by the length of
the traversed link in the network. Such treatment is needed if the modeled road links vary
significantly in length. Considering its high average shipment value and proportional
share of trips, the Services industry group frequently has the highest average on each
critical segment. The Transportation and Trade groups often follow in magnitude,
pointing to the proliferation of these economic activities throughout the province.
Highway 400 appears highly critical, corroborating previous findings regarding this
network segment.
A summary of the number of critical links identified by industry group is
presented in the top half of Table 4-7. Corresponding to the mapping visualizations, the
Other Services industry group appears to have the highest number of critical links, when
considering the combined effects of NRI and high value flows. The Transportation and
Wholesale and Retail Trade groups see similar proportions of critical links, whereas
Construction and Utilities and Manufacturing exhibit the lowest number of critical links.
It is expected that Transportation and Trade activities are also widely diffused through
the province. Given the low average shipment value associated with Manufacturing, it is
also not surprising that fewer links met both criticality criteria for this industry group.
The bottom half of Table 4-7 summarizes the number of industry groups present on
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critical links. The most common occurrence is for two industry groups to be present on
links identified as critical, which makes sense considering that there are interrelationships among the industry categories and the goods being moved, as well as the
producing and consuming markets. As expected, the fewest critical links will see flows
from all five industry groups; however, these links might be considered highly critical
since their disruption would lead to delays for numerous establishments and the resulting
effects could ripple through the province’s economy.
Table 4-6 Weighted Average Value of Goods on Critical Segments by Industry Group

Industry Group
Critical
Segments

2

1. Hwy 400
2. Hwy 401
(NE Ontario)
3. Hwy 401
(SW Ontario)
4. Hwy 401
(Toronto)
5. Northern
Ontario
6. Int’l
Crossings

$420,633

1. Hwy 400
2. Hwy 401
(NE Ontario)
3. Hwy 401
(SW Ontario)
4. Hwy 401
(Toronto)
5. Northern
Ontario
6. Int’l
Crossings

3

4

5

Arithmetic Mean
$456,445
$1,386,503 $1,032,132

6
$1,800,489

N/A

N/A

$958,030

$345,165

$3,866,456

$295,270

$314,137

$858,036

$586,951

$1,267,969

$379,662

$319,112

$1,091,903

$473,202

$2,113,363

$301,048

N/A

$290,831

$320,626

$467,184

$268,386

$1,295,060

$149,715

$307,306
$575,195
$699,209
Weighted Mean (Value per Kilometre)
$162,044
$470,778
$528,001

$38,509

$63,516

$324,525

$199,368

$1,522,340

$148,189

$78,343

$594,432

$343,875

$1,054,110

$111,656

$120,824

$507,635

$335,942

$1,432,463

$129,875

$20,807

$20,226

$32,563

$112,558

$78,904

$92,264

$355,102

$329,153

$990,825
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$1,020,748

Table 4-7 Industry-Level Criticality Analysis Summary

Count

Count

2
127

3
88

Industry Group
4
5
433
429

6
590

Number of Industry Groups on Critical Links
1
2
3
4
5
141
221
145
116
37

4.5.3 Limitations and Future Work
The research presented in this chapter does suffer from some limitations. First, the
exclusion of the Primary Industry group from the shipment value analysis was due to the
sparsity of data for this industry group such that the methodology for estimating the
average shipment value per trip could not be applied. Future work may aim to obtain
additional data to provide a more complete picture of freight activity in the province.
Although the Primary Industry comprises a small proportion of Ontario’s economic
activity, it is an important sector that provides raw materials necessary for other sectors’
activities. Its inclusion can only enrich our understanding of economic activity and
criticalities in the province. A second limitation was the underrepresentation of private
fleets from the analysis, which is attributed to the nature of the GPS dataset, which
contained a sample of Canadian carriers, most of whom are for-hire. While private
trucking does, indeed, comprise a significant portion of the freight activity, it was shown
that the GPS data produced results that closely approximated the actual total flows given
by the CVS. As such, the industry distribution available through the GPS data was useful
toward estimating the industry-level demand matrices with accuracy in the absence of
other data. Future research efforts may expand on this work through additional datasets to
improve the accuracy of the modeling results. Thirdly, empty truck trips were also not
accounted for in this research due to the limitations of the available datasets. This chapter
is meant to serve as a starting point toward an analysis of economic criticality and
provide a framework that can be expanded in future work and the use of only loaded trips
serves to highlight the economic aspect of criticality here. Since empty trips do comprise
a portion of traffic encountered on the network that is not negligible, their impacts on
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congestion, delays, and other criticality factors must certainly be considered and their
inclusion in future research is encouraged.
The proposed approach to model the criticality of regional truck networks by
volume and value can be adopted to perform similar analysis in other jurisdictions. The
methodology for estimating industry-level freight demand serves as a benchmark for
applications where detailed industry-level data are not readily available. Using the
marginal freight trip totals acquired through the CVS and the industry-level breakdown
obtained through the sample of GPS-tracked trips results in an accurate representation of
freight activity in the province of Ontario. Having considered both the travel time
impacts, as well as the economic implications to identify critical network segments, this
research paves the way to a more holistic understanding of the impacts of link disruptions
and allows for better identifying criticalities to inform decisions that provide the
maximum benefit to trucking networks in a regional context. Travel time delays are
expected to incur monetary penalties in many freight operations, which are compounded
with the delay of high shipment values due to network disruptions and detours. The
results of this research form a starting point for future research to build upon, as data
becomes available, to improve the accuracy of the model outputs and account for
additional aspects of criticality.

4.6 Conclusions
This research explores criticality in Ontario’s trucking network at the industry
level, with respect to both time-delays due to link disruptions, as well as the value
associated with the shipments crossing these links. The province was separated into a set
of 74 analysis zones, consisting of 49 internal Census Divisions and 25 external zones,
connected by road to the province of Ontario. An important distinction is made among
different types of industries, defining six mutually exclusive industry groups. This is due
to the expectation that the spatial interactions and routing decisions will vary, given the
nature of the different types of goods carried for each industry and their respective
production and attraction centres. A novel approach to estimating industry-level demand
is presented, where existing data sources are fused to derive reliable and representative
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OD matrices for each industry group. Using the NRI that has been explored in previous
research, criticality was defined in this case by introducing an additional criterion of
value flow, accounting for both time delays and the value of shipments present on links
that would be diverted in the case of disruption. To determine the value flow, a
methodology is presented for estimating the average value of shipments by each industry
group.
The work presented in this chapter extends existing research in the area of freight
and network criticality by not only exploring the time-delay effects on the traffic flow
distribution resulting from link disruptions (through the NRI), but also considering the
value of goods carried on these links. While time delay will certainly be important to
consider, as such delays lead to diminished productivity, the value of goods present on
the network is of equal importance. Links were considered critical if they exceeded the
thresholds for both the travel time delay that would arise due to their closure (i.e., NRI >
10,000) as well as if they served to carry significant value flows (i.e., greater than
$250,000). The industry-specific analysis demonstrates some variation in regional spatial
interactions, which is expected given the varied nature of the goods being carried for each
industry group. Some segments are found to be critical for more than one industry,
including ones found in the Toronto area, Montreal-Windsor trade corridor, northern
Ontario connections, and approaches to major international border crossings. These
findings point to the criticality of these trade corridors. Closure or disruption along these
critical links is likely to have crippling impacts, not only to the physical flows, leading to
significant delays and rerouting of traffic, but also to the costs associated with diverting
and delaying large amounts (and values) of goods. The industry-level visualizations also
demonstrate the distribution of origins and destinations for each category of goods within
the province, indicating the importance of such freight flows at the regional level.
The application to Ontario in our case can serve as a basis to inform provincial
policies regarding the mitigation of disruption effects, allowing for a more accurate
identification of criticalities in the Ontario network. Infrastructure improvement and
investment decisions can also be informed by the type of analysis conducted in this
chapter to help stakeholders to prioritize the most critical segments to ensure that trade
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flows are not disrupted. Time delay impacts provide the first aspect of criticality, which
can be used to compute the monetary costs incurred through the delays. The addition of
the shipment value to this criticality metric also accounts for the industry-level economic
activities taking place across the network. Depending on the hubs of production and
attraction for each respective industry group critical routes can be identified, both unique
to an industry group as well as common among more industries and, thus, very heavily
traveled. The correlation analysis presented in this chapter, which examined the
relationships between link-level freight activity among the industry groups, is evidence of
this. Higher correlations among pairs of industry groups indicates that they are likely to
share more common routes and, likely, more critical routes. As such, policies can be
informed to protect individual industry groups by targeting mitigation, investment, and
improvement decisions toward critical routes that are unique to that group. Additionally,
decisions can also be informed to protect multiple sectors of the economy by targeting
critical routes that are common among multiple industry groups. Both courses of action
will lead to the safeguarding of Ontario’s freight activity and economic productivity.
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CHAPTER 5
A FRAMEWORK FOR PRIORITIZING INFRASTRUCTURE IMPROVEMENTS
BASED ON LINK CRITICALITY AND ECONOMIC BENEFIT: AN
APPLICATION TO THE PROVINCE OF ONTARIO, CANADA
5.1 Introduction
An active and growing economy relies on a dependable transportation network to
facilitate the movement of goods. Investments into infrastructure improvements, such as
capacity expansions, the addition of new facilities, or other enhancements, serve to
improve the network’s reliability. Such investments seek to improve the operating
conditions encountered through the network as well as protect against and mitigate the
impacts of disruptions. Network disruptions have been shown to have the potential to
severely impact freight flows and impede economic productivity, and the segments
whose disruptions are the most severe are considered highly critical. It is important, then,
to ensure that infrastructure investment decisions prioritize these critical segments to
maximize the network-wide benefits toward driving conditions and facilitating freight
flows. Simultaneously, however, attention must be paid that the types and extent of
improvements do not result in unforeseen and excessive negative impacts, either directly
or indirectly. The potential for attracting induced demand to an improved roadway
facility is a real concern, as the short-term benefits arising from the improvement could
be outweighed in the long term by a return to congested operating conditions (Hymel
2019). Similarly, an improved road segment could provide for better throughput of
traffic, but risk increasing the overall emissions through the network.
With an aging road infrastructure in the province of Ontario (Gagnon et al. 2008)
and an increasing demand for goods movements due to market expansion and
globalization, it is important to account for such effects on an inter-regional scale when
prioritizing infrastructure improvements. This chapter presents a case study of four
highway segment capacity expansion projects. The study segments were selected from a
list of proposed improvements by the Ministry of Transportation of Ontario (MTO) on
segments previously identified as highly critical on the basis of the travel time impacts of
their disruption and the freight shipment values they carry. The four segments are located
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in the southern portion of Ontario, near the Toronto region, Ontario’s most densely
populated and economically active region. The network-wide freight and passenger flows
are forecasted to 2036, as this is a reasonable horizon for the road improvements to be
completed and traffic flows to settle into consistent patterns. Six scenarios are compared,
one using the network as-is, without any changes in link capacities, one modeling the
effects of each segment’s expansion individually, and a final scenario testing the
combined effect of all four expansions at once. In addition to physical traffic flows,
additional effects of the capacity expansion are examined, including network-wide
vehicle-kilometers and vehicle-minutes traveled (VKT and VMT), link-level carbon
dioxide (CO2) emissions, travel speed, congestion, and economic throughput. The aim of
this work is to answer the following research question: what types of impacts can result
from capacity expansions on highly critical highway segments, both beneficial and
detrimental? The answers to this question can be useful in transport policy planning and
infrastructure investment decisions.
The rest of this chapter is organized into the following sections. The next section
gives a summary of some of the existing literature surrounding network criticality, freight
flow forecasting methods, and induced demand. The following section gives a description
of the characteristics of the study area of the province of Ontario and the zones of
analysis, the shapefile used to describe the road network, and the truck and passenger
flow data applied to the simulation scenarios. Next, the methodology is described,
followed by a discussion of the findings from the simulation outputs. Finally, some
concluding remarks are offered, along with recommendations that arise from the
presented research.

5.2 Background
This research builds on previous work which identified network criticalities in the
province of Ontario (Madar and Maoh 2020). Criticality metrics have been developed on
the basis of a variety of network characteristics, including the impact of disruptions on
travel cost, accessibility, congestion, and exposure, as well as graph theoretical measures
such as betweenness centrality, network average efficiency, connectivity, and redundancy
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(Jafino et al. 2020). Selection of appropriate criticality metrics depends on the policy
question to be answered. Criticalities on the study network presented in this chapter have
previously been identified using a combination of the Network Robustness Index (NRI)
and industry-level shipment value on links. The NRI was chosen for its ability to
simultaneously account for network topology, origin-destination (OD) travel demand,
and link capacity (Scott et al. 2006), while the link shipment value adds an economic
dimension to the criticality analysis. Readers are encouraged to review Madar et al.
(2020); Madar and Maoh (2021); and Madar and Maoh (2020) for additional detail
regarding the development and application of these measures to identify critical segments
in the province of Ontario.
The province of Ontario regularly updates its public infrastructure spending plans.
The currently active 10-year plan was included with the 2016 budget, forecasting to a
horizon year of 2026, and totalling $140 billion in public infrastructure investments. Of
this total, the investments categorized under public transit, and highways and other
transportation account for over half (52%) of the allotted funds (C4SE, 2017). Benefits of
these planned improvements encompass a range of direct, indirect, and induced impacts.
These include increases in the province’s GDP, productivity and competitiveness in
international markets, private sector investment, job creation, and wages. Lower
transportation and congestion costs, reduced pollutants and greenhouse gases, and
societal gains from education, healthcare, business networking opportunities arising from
the improvements will also benefit the province’s citizens.
The current chapter involves forecasting the freight flows within and through the
province of Ontario over a period of 20 years, extending from 2016 to 2036. The authors
believe this to be a reasonable timeframe within which the infrastructure projects in
question will be completed and network users will have settled into consistent driving
patterns, accounting for the increased capacity on the improved segments. The existing
transportation literature details various methodologies for freight forecasting, requiring
various inputs, data granularity, and assumptions. Behavioural models, for example,
generate freight trip forecasts at the level of individual decision-makers, either the
shipper or the recipient of a freight delivery, using a utility maximization process (Regan
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and Garrido 2001). Highly disaggregated and detailed data are required for such models,
such as travel time, service reliability, insurance costs, etc. Since these types of models
generally encompass a small number of alternatives available to shippers, inventorybased models offer a broader scope by integrating a firm’s mode choice and production
decisions. Various kinds of linear regression models are also quite common in forecasting
freight demand, often based on economic indicators at national, regional, and industryspecific levels. Indicators can include commodity price indices, stock indices, export data
(Fite et al. 2002).
Freight demand depends on a wide variety of externalities, including economic
factors (e.g. GDP, economic structure), technological advancements, globalization, and
the spatial structure of cities. The traditional four-stage transportation planning process is
commonly used to inform freight forecasting models as well (Tsekeris and Tsekeris
2011), with modules for trip generation (i.e. econometric or time series techniques for
different vehicle classes), trip distribution (i.e. gravity models), mode choice (i.e. discrete
choice models), and traffic assignment (i.e. Wardrop’s user equilibrium). Combined
transportation planning models, including estimating simultaneous stages at once,
integrated land use and transportation models, and dynamic models, are becoming more
common due to their ability to capture freight behaviours more accurately by accounting
for unobserved factors (Waddell 2011). Nonlinear techniques such as those involving
artificial neural networks are also emerging as a preferred alternative for increased
prediction accuracy (Venkadavarahan et al. 2020). Researchers also seek to improve
forecast accuracy by employing agent-based simulations, where individual drivers or
firms become the unit of analysis (Alho et al. 2017). Consumer demand models offer
predictions from the opposite perspective and often employ time series or cross-section
data (Tsekeris and Tsekeris 2011). Each choice of freight demand forecasting
methodology offers its own benefits and drawbacks, and selection of the appropriate
approach depends on the resources available (e.g. availability of data, level of
disaggregation, computing capabilities) and the scope and purpose of the research.
The evaluation of the benefits of infrastructure improvements against the
associated costs is important both to policymakers who must allocate resources and
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prioritize the investments that will offer the largest overall benefit, as well as to network
users who will directly feel the impacts resulting from the infrastructure changes. Costbenefit analyses are a useful and widely used tool that can compare these effects and
inform policy decisions. There is a greater degree of uncertainty and complexity for large
projects and those spanning a longer planning period, increasing the likelihood of errors
in the forecasts (Vickerman 2007). The quality of the forecasting inputs is imperative to
developing accurate assessment models, since the cost-benefit approach is highly
sensitive to the assumptions that are introduced (Jones et al. 2014). In addition to
assessing the costs and impacts of infrastructure improvements, it is also important to
consider the balance between preventive and corrective maintenance that infrastructure
elements require (Stenström et al. 2016). The current application is to corrective
maintenance, where infrastructure elements have been identified as faulty (operating
under poor conditions), but the preventive maintenance aspect would certainly enhance
the analysis in future work. In this application, some of the effects resulting from the
selected infrastructure improvements are presented, but a full cost-benefit analysis,
including monetary quantifications for the comparison of the costs of implementation and
the resulting benefits, is encouraged for future research and similar projects.
The dilemma of induced demand arises with infrastructure investment projects
and must be considered in cost-benefit analyses. Induced demand has been investigated
in the realm of transportation for decades, as the relationship between road improvements
and congestion was explored (Downs 1962). This phenomenon occurs when road
network improvements, especially capacity increases, draw additional traffic than would
have occurred otherwise in a “build it and they will come” trend (Lee et al. 1999). The
responsiveness of road users to such changes tends to be lower in the short term than the
long term. Induced traffic and demand can occur due to drivers changing their routing to
the improved segment, shifting of modes, scheduling, and destinations to use the
improved road, and additional travel from drivers already using the improved segment
(Cervero and Hansen 2002). Within a few years, the congestion conditions experienced
prior to the improvement tend to re-emerge, negating the previously estimated travel time
savings and travel speed increases of the capacity expansion (Cervero 2002; Hymel
2019). The impacts of induced demand will be felt in the economic output of a region and
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policy makers are encouraged to explore demand management techniques in addition to
physical capacity expansions to improve road performance and travel time reliability,
freight throughput, and economic productivity (Melo et al. 2012). Researchers and policy
makers are encouraged to incorporate the effects of induced demand and induced travel
in their cost-benefit analyses for a fuller picture of the impacts of infrastructure
improvements.

5.3 Study Area and Data
This study encompasses the transportation network servicing the province of
Ontario, Canada and its connections to external zones in adjoining Canadian provinces
and the United States (US). Ontario is Canada’s largest province by population (Statistics
Canada, 2017) and a major generator of trade, with significant freight volumes flowing
between its regions, as well as to and from other Canadian provinces and the US
(Statistics Canada, 2020). As an extension of previous research (Madar and Maoh 2021;
Madar and Maoh 2020), the same origin and destination zones are used for this chapter,
consisting of Ontario’s 49 census divisions (CDs) and 25 external zones in adjoining
provinces and the US that connect to Ontario’s freight network by road (Figure 5-1). The
trucking network itself is represented through a shapefile designed for implementation in
EMME 4.3.4 traffic assignment software and consisting of 35,254 links and 14,444
nodes. Note that each two-way link in the network is represented by two one-way links,
as their direction is denoted by the start- and end-nodes in EMME.
Ontario is a significant generator of trade and home to some vital regions and
infrastructure facilities that enable and promote the province’s economic productivity.
The CDs surrounding Toronto form the centre of the Great Lakes automotive
manufacturing cluster, Canada’s largest vehicle producing region (Anderson et al. 2019).
Within this region, the CD of Peel is referred to as the “freight village of Canada.” It is
home to Canada’s busiest and largest airport and one of the busiest multi-modal terminals
in the northern hemisphere, which connect to the Canadian Pacific and Canadian
National Railways and several major highways (Dewar 2015). Highway 401, which
passes through this region as it traverses the south-eastern border of the province and
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serves as part of the Montreal-Windsor trade corridor, is known as North America’s
busiest highway for truck and passenger traffic (Dawood et al. 2007). The province of
Ontario also houses North America’s three busiest border crossings for freight activity,
the Ambassador Bridge (Windsor), the Blue Water Bridge (Sarnia), and the Peace Bridge
(Niagara region). These three crossings carry over half of all freight trade flowing
between Canada and the US (Maoh et al. 2016).
In a series of preceding studies, the NRI and the industry-level freight flows and
shipment values were determined for each link in the network. These industry-level
values were estimated on the basis of total flow data collected through the Commercial
Vehicle Survey (CVS) prepared by the Ministry of Transportation of Ontario (MTO) and
a dataset of trucking GPS pings obtained from Shaw Tracking. For additional information
regarding the estimation of these flows see Gingerich (2017). Criticalities in the road
network were identified for links with an NRI over 10,000 vehicle-minutes (veh∙min) and
where the total shipment value crossing the link was above $250,000. Links exceeding
both thresholds were deemed to be highly critical, as their closure would result in
significant time delays and excess congestion, especially on the links in their vicinity, and
the rerouting of goods that could lead to decreased productivity. These criticalities were
then compared with a list of ongoing and planned infrastructure improvement projects
maintained on the MTO’s iCorridor database (MTO, 2020) and the Level of Service
(LOS) rating assigned by the MTO. Figure 5-2 depicts the overlap of criticality criteria
on the network, showing the overlap of high-NRI links, links operating at oversaturated
congestion conditions (LOS ratings of E and F), along with network segments earmarked
by the MTO for improvement. This visualization depicts a high concentration of
criticalities centred on the Toronto region, which is not surprising given the concentration
of freight activity here.
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Figure 5-1 Study Area
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Figure 5-2 Critical Links and Proposed MTO Highway Improvements Used in Selection of Study Segments
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A set of four highway segments were selected for a case study analysis, based on
the overlap of proposed MTO projects and highly critical network segments. This
research focuses specifically on the impacts of capacity expansion projects. Six scenarios
were devised, with one being the network as-is to serve as the status quo base case, four
reflecting the capacity increase for the respective segment improvements, and one testing
the impacts of all four segments’ improvement at once. Table 5-1 summarizes the
location and extent of each segment’s capacity increase. See Figure 5-3 for the location
of each of the four expansion scenarios. Each of the four segments is located fairly close
to the Toronto region; considering the high volumes of freight generated by and attracted
by this region, their criticality and prioritization for improvement is unsurprising.
Forecasts for total zonal freight trip attraction and production values were
generated for the same six industry groupings used in previous research (Madar and
Maoh 2021) using population and employment information for the reference year 2016
and forecast year 2036. Similarly, passenger trips were forecasted to 2036. Further detail
regarding the forecasting methodology is provided in the next section. With the
forecasted origin and destination zonal totals estimated, a User Equilibrium multi-class
traffic assignment was run for each scenario using the EMME 4.3 software. The stopping
criteria for the traffic assignment was specified to a maximum 100 iterations, relative gap
of 0.00001, best relative gap of 0.01%, and normalized gap of 0.005. Simulation outputs
included link-level flows for each class (industry categories and passenger trips), which
provided the necessary data to conduct the analysis.
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Figure 5-3 Location of Capacity Expansion Segments
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Table 5-1 Summary of Improvement Segments

Scenario
1
2

3

4
5

Location
Highway 401 –
Waterloo/Cambridge
Highway 401 – Toronto
(Credit River Bridge to
RR 25)
Highway 400 – Toronto
(Major Mackenzie Dr. to
King Rd)

Original Shapefile Type of
Configuration
Expansion
6 lanes
Widening to 10
lanes
4 – 8 lanes; partial Widening to 12
HOV lanes
lanes; Addition
of HOV lanes
4 – 8 lanes lanes;
Widening to add
No HOV lanes
HOV lanes
4 – 6 lanes; No
HOV lanes

Widening to 8
lanes; Addition
of HOV lanes
Improvements on segments 1 – 4 tested simultaneously
Highway 404 – Toronto
(Hwy 407 to Stouffville)

Length
5.5 km
18 km

10 km

21.1 km

The flows were scaled for a typical 1 pm weekday peak hour, as this represents
the heaviest time for truck flows and is expected to produce “worst case scenario” results.
The freight and passenger forecasts for 2036 were based on current condition values that
had already been scaled for this peak period. All of the resulting modeling outputs are for
this one-hour peak period.

5.4 Methods
In order to ascertain the impacts of the selected highway improvements for the
four study scenarios, freight and passenger flows were forecast for the year 2036, using
2016 as the base reference year. It is reasonable to assume, given the information
provided by the MTO, that the infrastructure improvements would be implemented by
this time and traffic will have had time to stabilize into set behaviours and travel patterns.
Forecasting the freight flows was done in two stages: first calculating the values
for Ontario’s CDs, then those for the external zones. A linear growth factor method was
applied in both cases, which assumes that the freight activities taking place on the
network will follow a linear growth related to the changes in population and industrylevel employment for each zone. The freight forecasts were done at the industry-level,
using the following six defined industry groupings: primary, manufacturing, construction
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& utilities, transportation, wholesale & retail trade, and other services. Table 5-4
summarizes the Standard Industry Classification (SIC) codes belonging to each grouping.
For the total zonal freight trip production (Oi) for each of Ontario’s CDs (zone i), the
linear growth factor applied was proportional to the zonal employment from 2016 to
2036, as illustrated in the equation below. Employment has generally been found to be an
accurate predictor of freight generation, as a rise in zonal employment indicates increased
industrial productivity, leading to more freight trips (Bastida and Holguín-Veras 2009).

𝑂𝑖2036 = 𝑂𝑖2016 (

𝐸𝑀𝑃𝑖2036
)
𝐸𝑀𝑃𝑖2016

The freight trip attraction totals (Dj) for the respective CDs (zone j) were similarly
determined using the linear growth relationship to the zonal population totals from 2016
to 2036, as formulated below. It is reasonably assumed that freight demand is higher in a
more populous zone, as an increase in population is expected to lead to an increased
demand for goods and services.

𝐷𝑗2036

=

𝐷𝑗2016 (

𝑃𝑂𝑃𝑗2036
𝑃𝑂𝑃𝑗2016

)

The totals for each industry grouping were balanced to ensure that the Oi and Dj
values reflected the same total for the study region. The balancing for each industry
group was done by applying the ratio of the respective Oi or Dj value to the average of the
total Oi and Dj for that industry group, as shown in the equation below.

∑ 𝐷 𝑒𝑠𝑡

∑ 𝑂 𝑒𝑠𝑡

𝑗
𝑖
𝑂𝑖𝑏𝑎𝑙 = 𝑂𝑖𝑒𝑠𝑡 (𝐴𝑣𝑔(∑ 𝑂𝑒𝑠𝑡
) and 𝐷𝑗𝑏𝑎𝑙 = 𝐷𝑗𝑒𝑠𝑡 (𝐴𝑣𝑔(∑ 𝑂𝑒𝑠𝑡
)
,∑ 𝐷 𝑒𝑠𝑡 )
,∑ 𝐷 𝑒𝑠𝑡 )
𝑖

𝑗

𝑖

𝑗

where 𝑂𝑖𝑒𝑠𝑡 and 𝐷𝑗𝑒𝑠𝑡 represent the initial estimates for zonal trip production and
attraction, respectively, and 𝑂𝑖𝑏𝑎𝑙 and 𝐷𝑗𝑏𝑎𝑙 are the respective balanced zonal trip
production and attraction values. The adjusted, balanced trip productions and attractions
were rounded to the nearest whole number.
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Forecasting the passenger flows to or from Ontario’s CDs was done using a linear
regression approach. The known 2016 zonal population totals were regressed against the
respective total zonal trip productions (Oi) and attractions (Dj). The regression parameters
are summarized in Table 5-2 and applied to the corresponding CDs’ passenger trips and
population to estimate the 2036 demand. Observations of the resulting residuals from the
regression tests led to the introduction of dummy variables to control for outliers. The
dummy variables control for specific zones whose estimates would otherwise be outliers,
where a value of 1 is assigned for the respective zones being controlled and 0 to all other
zones. The CDs corresponding to each variable are outlined in Table 5-3. Note that
Dummy variables 2 and 3 apply to more than one CD. This is due to the examination of
the residuals for these zones, which revealed they fall within a similar range to one
another, indicating they have a similar impact on the final regression estimates. These
groupings are likely due to similarities in the characteristics of these regions, including
socio-demographic and economic characteristics, that would cause similar passenger
travel patterns to emerge.
Table 5-2 Regression Parameters for Passenger Demand Forecasting for Ontario's 49 CDs

Population

Dummy1

Dummy2

Dummy3

Dummy4

Dummy5

Oi

0.0873

-102517.7

5968.8

-19617.0

-15642.3

-7507.6

R2 = 0.999

(74.8)

(-28.0)

(5.88)

(-11.1)

(-7.77)

(-4.48)

Dj

0.0865

-89367.5

6265.9

-18781.6

-18349.1

-7653.6

R2 = 0.998

(66.5)

(-21.9)

(5.54)

(-9.56)

(-8.18)

(-4.10)

NOTE: Values in brackets denote the t-statistics for each estimated parameter
Table 5-3 Dummy Variables to Control for Outlier Regions

Variable

Corresponding CD

Dummy1

Toronto

Dummy2

Essex, Waterloo, Niagara

Dummy3

Ottawa, Peel

Dummy4

York

Dummy5

Durham
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Since the 2036 population and employment forecasts that influence the linear
growth forecast for the external zones are not available at a level of disaggregation
consistent with the 25 external zones, the passenger and industry-level freight flows were
forecasted using a modified approach. Knowing the total number of trips for 2016 for
both internal and external zones and, having now determined the total number of internal
trips in each class (passenger and industry groups), we assume that the growth rate of
trips within the internal zones will be mirrored in the external zones. The following ratio
could then be applied to determine the total trips for the external zones in each class:

𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙
𝑇𝑟𝑖𝑝𝑠2016
𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙
𝑇𝑟𝑖𝑝𝑠2016

=

𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙
𝑇𝑟𝑖𝑝𝑠2036
𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙
𝑇𝑟𝑖𝑝𝑠2036

These external forecasted trip totals were then distributed among the 25 external
zones for passenger and each of the industry groups using the ratio of total external trips
in 2036 to 2016. The linear growth assumption was maintained, as the growth rate at the
zonal level for each vehicle class was assumed to be equal to that for the respective totals
across all external zones.

𝑂𝑖𝑒𝑥𝑡,2036 = 𝑂𝑖𝑒𝑥𝑡,2016 (

∑ 𝑂𝑖𝑒𝑥𝑡,2036
∑ 𝑂𝑖𝑒𝑥𝑡,2016

) and 𝐷𝑗𝑒𝑥𝑡,2036 = 𝐷𝑗𝑒𝑥𝑡,2016 (

∑ 𝐷𝑗𝑒𝑥𝑡,2036
∑ 𝐷𝑗𝑒𝑥𝑡,2016

)

Having estimated the Oi and Dj marginal totals for each of the 74 zones, the trips
were distributed to estimate the demand matrices for the forecast year of 2036. This was
coded in EMME software using a doubly constrained gravity model approach. The
gravity model impedance parameters that had previously been applied to the same
network were introduced in the models, as outlined in Table 5-4, along with the same
travel time impedance matrix (Madar and Maoh 2021). The trip distribution routine
ensured that the origin and destination totals were balanced for each respective industry
group and for passenger flows and the resulting output consisted of the freight and
passenger demand matrices used in the traffic assignment simulations.
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Table 5-4 Industry Grouping Descriptions and Impedance Parameters for Gravity Modeling

Industry Group

SIC codes

Description

𝜷𝒏 𝑷arameter

1

01 – 14

Primary Industry

-0.0099

2

15 – 17, 48 – 49

Construction and Utilities

-0.0117

3

20 – 39

Manufacturing

-0.0200

4

40 – 47

Transportation

-0.0212

5

50 – 59

Wholesale and Retail trade

-0.0172

6

60 – 99

Other services

-0.0131

The shapefile representation of the network includes capacity information for
each link, which was adjusted for the respective segment links in each scenario to reflect
the additional lanes resulting from the improvements. Since two-way roads were
represented in the shapefile using pairs of directional one-way links, the capacity
adjustments were done such that half applied to one direction and the other half to the
reverse. The addition of HOV lanes was assumed as an additional lane in each direction.
Part of the analysis involved an estimation of CO2 emissions on the network for
each of the tested improvement scenarios. The emissions factors (g/km) that were used
are based on MOBILE6C, the Canadian version of MOBILE6 modeling software
developed by the US Environmental Protection Agency (EPA). For the two classes of
vehicles in this analysis, passenger cars and heavy trucks, the emission factors correspond
to the vehicle’s travel speed. Each traffic assignment scenario tested here allowed for the
calculation of link-level congested speeds and a linear interpolation allowed for the exact
determination of the emissions factor. The total CO2 emissions (g) on each network link
was then determined as the product of the respective interpolated factor and the VKT for
that link.

5.5 Results and Discussion
The outputs of the multi-class traffic assignment using the 2036 forecasted freight
and passenger travel demand were used to develop some system-wide analyses and
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comparisons of the effects of each infrastructure improvement scenario. A series of tables
and figures in this section will compare the five scenarios with respect to network
performance measures that include vehicle flow volumes, vehicle-kilometers traveled
(VKT), vehicle-minutes traveled (VMT), CO2 emissions, congested speed, and
congestion index. Each scenario was compared to the base case, where the forecasted
flows were assigned to the network as is, without any capacity expansions. Having
industry-level freight flow estimates as inputs to the traffic assignment allowed for an
industry-level analysis with respect to some of the indicators tested. Since the modeling
exercise was undertaken using flows scaled to the 1 pm peak hour, all of the values in the
tables and figures presented in this section pertain to this one-hour period.
The four segments chosen for this analysis are all in relative proximity to the
Toronto area and the hub of economic activity in the province. Segment 1 represents the
smallest highway section whose capacity is expanded and is also located farthest away
from Toronto. As such, it is expected that the impacts of the highway improvement here
would be less pronounced than the remaining sections. Segment 2 comprises a section of
Highway 401, the busiest highway in the region, passing through Toronto, the most
densely populated and highly economically active area. The modeling results show that
the improvement of this segment has a notable impact only in terms of some of the
performance metrics examined. The reason for this could be that the abundant availability
of alternative routes in the segment’s vicinity diffuses the improvement impacts.
Highway 400, where the improvement for Segment 3 is located, has been identified in
past research as one of the most highly critical parts of the network (Madar and Maoh
2021; Madar and Maoh 2020). Surprisingly, however, the capacity expansion here does
not have the expected impact. Part of the reason for this could be that the improvement
takes place over a relatively short portion of the highway. Additionally, the analysis
revealed the most significant changes from the base case occurring in Scenarios 4 and 5,
which led the authors to speculate that the expansion of Segment 4 will have the most
pronounced effects of the studied segments. The capacity expansion of Segment 4
appears to alleviate some of the issues arising from the highly critical Segment 3, as
Segments 3 and 4 are parallel and located close to one another, giving opportunity for
Segment 4 to serve as an alternative to Segment 3.
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Given the magnitude of the impacts observed from the expansion of Segment 4,
the authors investigated the effects on a smaller scale, within the immediate vicinity of
this segment. It was expected that the impacts of the highway improvement would be
more prominent near the location of the segment and become more diffused when
examining the entire network. A service area was defined using the Network Analyst
extension of ArcMap to delineate the boundary of the area encompassing the links that
can be traversed within a 30-minute drive in any direction from Segment 4 to explore the
highway improvement impacts in the vicinity of this segment. Figure 5-4 shows the
extent of this service area and the subset of links that fall within it.
The first point of comparison among the tested scenarios explores the vehicle and
shipment value flows on the impacted segments in each of their respective improvement
scenarios. Table 5-5 summarizes the base case and improvement scenario flows for each
study segment, with the fifth entry representing Scenario 5, where all four segment
improvements are tested simultaneously, and differentiating between the freight and
passenger vehicle flows. The table shows the sums across all links comprising the
segments, as well as the average value of link-level differences from the base case for
both directions of travel. This examination of the segments themselves reveals that the
largest change from the base scenario occurs with the improvement of Segment 4 with
respect to passenger, truck, and shipment value flows. Scenario 5, which, of course,
includes the Segment 4 improvements, shows the next highest change, pointing once
again to the impact of the capacity expansion along Segment 4. The next largest change
from the base case is seen on Segment 2, an outcome that also makes sense considering
the location of this segment. The remaining two segments see a much less significant
change from the base scenario in terms of vehicle and value flows. This is partly due to
the extent of the improvements, which occur over a shorter section of roadway than the
other segments. With a shorter section of highway receiving the benefits of capacity
expansion, the opportunity for additional flows is not as great.
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Figure 5-4 30-Minute Service Area Surrounding Segment 4 (Highway 404)
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Table 5-5 Comparison of Vehicle and Shipment Value Flows Among Tested Scenarios

Impacted
Segment
1
2
3
4
All
1
2
3
4
All
1
2
3
4
All

Passenger Flows (PCE)
Avg Difference
Base Case
Scenario
from Base
32,617
33,373
108
263,051
307,545
1011
18,767
18,865
20
400,944
474,803
1679
715,378
837,213
1218
Truck Flows (PCE)
5,088
5,133
6
22,219
25,052
64
3,247
3,266
4
27,245
36,313
206
57,799
71,157
134
Total Shipment Value
$25,283,920
$25,498,799
$30,697
$109,831,607 $123,481,352
$310,221
$14,716,541
$14,815,438
$19,780
$112,899,912 $154,445,441
$944,217
$262,731,979 $322,566,803
$598,348

% Change
from Base
2.3%
16.9%
0.5%
18.4%
17.0%
0.9%
12.8%
0.6%
33.3%
23.1%
0.8%
12.4%
0.7%
36.8%
22.8%

The impacts on link-level shipment value resulting from each of the four
individual segment improvements are depicted in Figure 5-5, depicting the change from
the base case in total shipment value on individual links. Note that the majority of
changes either a small increase or decrease, highlighted in the light green or yellow
colours. Links shown in colours from the extreme ends of the range are fewer and
generally appear in the vicinity of the respective improvement segment. We do note a
shift in shipment values (and, therefore, freight flows) as a result of each improvement
scenario. These impacts, however, are localized, centering on the improvements and
becoming more diffused further away. The general trend that can be observed is that
freight flows are pulled toward the improved segments, which now have increased
capacity, and away from nearby alternative links.
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Figure 5-5 Change in Link-Level Shipment Value between Expansion Scenarios and Base Case
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The respective VKT for passenger, truck, and all vehicles, along with the total
VMT are summarized in Table 5-6, both for the entire network and for the subset of links
in the service area enclosing Segment 4 (Highway 404). When examining VKT across
the entire network for each improvement scenario, VKT appears largely unaffected for
both passenger vehicles and trucks, with differences of only a fraction of a percent from
the base scenario. Since the same demand matrices were applied to the traffic assignment
in each scenario, this result is not surprising, as all of the modeled trips would still need
to reach their destinations, although their routing may change due to the infrastructure
changes. Interestingly, the majority of changes in VKT show a slight increase from the
base scenario, which may point to the occurrence of induced demand, where the
improved facility attracts additional traffic that would otherwise not be present. In terms
of VMT, the change from the base case is negligible for Scenarios 1 to 3, but quite
pronounced in Scenarios 4 and 5, with a 15% reduction in total network-wide travel time
and close to 30% reduction in the 30-minute service area surrounding Segment 4. This
observation once again points to the substantial impact of the improvements to Highway
404 (Segment 4). The reduction in the total network-wide travel time from the base case
also points to the improvement scenario’s impact on the network’s robustness in a similar
way to the link-level NRI. The capacity expansions, especially for Segment 4, result in an
improvement of network-wide performance.
Using the data available through the shapefile characteristics of the network (link
length, design speed, capacity) and model outputs (link-level, vehicle-specific flow
volumes) congested travel speeds were calculated throughout the network. Using this
information and known vehicle emissions factors, link-level CO2 emissions were then
calculated for each testing scenario. Table 5-7 presents these totals, along with the
difference between each scenario and the base case, broken down by vehicle type. The
table displays this information at a network-wide level as well as within the 30-minute
service area surrounding Segment 4. Once again, Scenarios 4 and 5 appear the most
prominently. Although the differences from the base scenario are proportionally quite
small, the magnitude of the emissions amounts is noteworthy. For example, the capacity
expansion of all four segments in Scenario 5 results in a network-wide increase of CO2
emissions from the base case of over 32 metric tonnes for the one-hour peak period
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modeled. When examining the region near Highway 404, the same scenario results in
over 61 metric tonnes more CO2 than the base case. This exploration demonstrates how
the infrastructure improvement impacts can be highly localized since the network-wide
total appears to offset this drastic increase in emissions through the alleviation of
emissions in other regions. Additionally, the increase in emissions may be additional
evidence of induced demand resulting from the highway improvements. Increased
highway capacity on the study segments can draw increased traffic flows taking
advantage of the improved roadway conditions, introducing unintended negative impacts.
An exploration of the total emissions by each industry category is summarized in
Figure 5-6, comparing the market share of trips belonging to each category and the
proportion of emissions attributed to each industry group, both network-wide and within
the Highway 404 vicinity region, for the base case. The proportions of emissions follow a
similar trend to the distribution of trips among the industries, which is expected. The
industry groups for Trade, Manufacturing, and Services appear to produce more
emissions than their respective proportion of trips, while the remaining industry groups
produce less. This result is unsurprising for two reasons. First, Trade, Manufacturing, and
Services comprise a large proportion of economic activity in the region, therefore giving
rise to significant emissions-producing traffic. Secondly, especially in the cases of
Manufacturing and Trade, the concentration of these industries in the study area,
especially in and near the Toronto region, is expected to result in high emissions, as the
goods pertaining to these industries reach their destinations (e.g. retailers/wholesalers,
consumers, intermediary manufacturing processes). Interestingly, the proportion of
emissions contribution of the Transportation industry is less than the proportion of trips
belonging to this group. This effect may be due to the nature of trips assigned to this
industry, which are likely to follow more efficient highway routes. The location of
establishments, especially belonging to Trade or Other Services, could likely be within
metropolitan centres, requiring the truck activities for these industry groups to traverse
city roads, facing congestion, idling, and lower travel speeds, and thus increasing their
emissions.
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Table 5-6 Comparison of VKT and VMT Performance Measures

Performance Measures – Network-Wide
Scenario

Passenger VKT

Truck VKT

Total VKT

3,153,057

24,688,404

VMT

BASE

21,535,347

32,584,372

1

21,543,922

(0.04%)

3,153,521

(0.01%)

24,697,443

(0.04%)

32,584,396

(0.0001%)

2

21,544,534

(0.04%)

3,154,194

(0.04%)

24,698,728

(0.04%)

32,545,884

(-0.12%)

3

21,539,939

(0.02%)

3,153,298

(0.01%)

24,693,238

(0.02%)

32,596,606

(0.04%)

4

21,559,394

(0.11%)

3,155,238

(0.07%)

24,714,631

(0.11%)

27,562,125

(-15.41%)

5

21,567,413

(0.15%)

3,156,708

(0.12%)

24,724,122

(0.14%)

27,525,409

(-15.53%)

Performance Measures – Near Highway 404
BASE

7,164,842

713,870

7,878,712

1

7,169,201

(0.06%)

714,487

(0.09%)

7,883,688

(0.06%)

16,911,362

(0.04%)

2

7,209,862

(0.63%)

718,769

(0.69%)

7,928,631

(0.63%)

16,920,818

(0.10%)

3

7,168,161

(0.05%)

714,531

(0.09%)

7,882,692

(0.05%)

16,907,241

(0.02%)

4

7,201,279

(0.51%)

717,055

(0.45%)

7,918,333

(0.50%)

11,893,165

(-29.64%)

5

7,247,370

(1.15%)

721,513

(1.07%)

7,968,884

(1.14%)

11,915,863

(-29.51%)

NOTE: Values in brackets represent the percent change from the base scenario

146

16,903,993

Table 5-7 Comparison of CO2 Emissions

CO2 Emissions (kg) – Network-Wide
Difference from

BASE

2,185,703

1

2,185,976

273

(0.01%)

14,934,129

5,535

(0.04%)

17,120,105

5,808

(0.03%)

2

2,186,401

698

(0.03%)

14,934,600

6,007

(0.04%)

17,121,001

6,705

(0.04%)

3

2,185,873

170

(0.01%)

14,931,765

3,171

(0.02%)

17,117,638

3,341

(0.02%)

4

2,187,726

2,023

(0.09%)

14,953,161

24,567

(0.16%)

17,140,887

26,590

(0.16%)

5

2,188,591

2,888

(0.13%)

14,958,068

29,474

(0.20%)

17,146,659

32,362

(0.19%)

Base

14,928,594

Total

Difference from

Truck

Base

Passenger

Difference from

Scenario

Base

17,114,297

CO2 Emissions (kg) – Near Highway 404
BASE

506,125

4,891,458

5,397,584

1

506,196

70

(0.01%)

4,892,666

1,208

(0.02%)

5,398,862

1,278

(0.02%)

2

505,282

-843

(-0.17%)

4,898,858

7,400

(0.15%)

5,404,140

6,556

(0.12%)

3

506,366

240

(0.05%)

4,895,843

4,385

(0.09%)

5,402,209

4,625

(0.09%)

4

510,513

4,387

(0.87%)

4,939,888

48,430

(0.99%)

5,450,401

52,817

(0.98%)

5

509,972

3,846

(0.76%)

4,948,904

57,446

(1.17%)

5,458,876

61,292

(1.14%)

NOTE: Values in brackets represent the percent change from the base scenario
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Figure 5-6 Comparison of Industry-Level CO2 Emissions

The industry-specific emissions were further examined for the region surrounding
Highway 404, summarized in Table 5-8. Once again, Scenarios 4 and 5 appear to have
the most significant change from the base case. Coinciding with the discussion on Figure
5-6, the Trade and Manufacturing industry groups have the respective highest and second
highest increase in emissions from the base case for Scenarios 4 and 5. In the same
scenarios, it is interesting to find the Transportation category also exhibiting a prominent
increase in emissions from the base scenario, since in the network-wide analysis (Figure
5-6) its contribution to emissions is less than its market share of trips. Given the location
of the service area, surrounding Highway 404, it is not surprising to see an overall
decrease or very small increase in emissions for Scenarios 1 to 3, which occur on
highway segments physically further removed. This analysis demonstrates that the
impacts of the highway improvements are localized, whereby improvements taking place
in or near this service area tend to result in increased flows and emissions, while highway
improvements further away will pull traffic flows away from the service area.
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Table 5-8 Comparison of Industry-level CO2 Emissions Near Segment 4

CO2 Emissions (kg) near Highway 404 – Industry-Level
Scenario

Construction &
Utilities

Manufacturing

Primary

Services
& Other

Transportation

Wholesale &
Retail Trade

BASE

11,178

96,310

693

118,281

93,710

134,689

1

11,199
(0.19%)

96,095
(-0.22%)

691
(-0.25%)

118,270
(-0.01%)

93,389
(-0.34%)

134,854
(0.12%)

2

11,245
(0.60%)

96,293
(-0.02%)

688
(-0.67%)

118,344
(0.05%)

93,725
(0.02%)

135,366
(0.50%)

3

11,165
(-0.12%)

96,527
(0.23%)

683
(-1.45%)

117,904
(-0.32%)

93,970
(0.28%)

134,486
(-0.15%)

4

11,390
(1.89%)

98,252
(2.02%)

674
(-2.81%)

119,461
(1.00%)

95,039
(1.42%)

137,709
(2.24%)

5

11,419
(2.16%)

98,561
(2.34%)

674
(-2.74%)

119,283
(0.85%)

95,461
(1.87%)

138,212
(2.62%)

NOTE: Values in brackets represent the percent change from the base scenario
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The last performance measure compared among the five improvement scenarios
looks at the average performance encountered by network users, namely congested travel
speed and congestion index, given by the volume-to-capacity (V/C) ratio. These values
were calculated at the link level for each scenario and the averages exhibited on each
segment in its respective improvement scenario are shown in Table 5-9. For example, the
first row gives the speed and congestion values on Segment 1 under Scenario 1, the
second row refers to Segment 2 under Scenario 2, and so on. Since V/C is a highly
localized measure, averaging across a larger area will result in a diffusion of the effect.
The average will not be meaningful at a network-wide level since the alleviation of
congestion will appear most prominently in the immediate vicinity of the respective
improvement segments, but the average will stabilize around a constant value further
from the segment of interest. Figure 5-7 illustrates this for the case of Scenario 4,
visualizing the difference in V/C from the base case. The segment itself appears to be the
only incidence of colours near either end of the spectrum of the colour coded scale, while
the rest of the network shows a minimal change, either positive or negative.
The average design speed was calculated using the shapefile characteristics. The
Base Case average congested speed in the second column was determined for each
segment using the model outputs, including congested travel time and congested volume.
The third column similarly shows each segment’s congested speed, this time for the
respective improvement scenario. For example, Segment 1 has an average design speed
of 95.7 kph, an average congested travel speed of 83.6 kph under Base Case conditions,
without the capacity expansion of the segment. The average congested travel speed on
this segment rises to 93.6 kph, a 12% increase from the Base Scenario average, when the
proposed expansion of Segment 1 is modeled. Each segment’s average V/C ratio is also
calculated for the Base Case and the respective improvement scenario in the last two
columns. Overall, each capacity expansion scenario appears to improve operating
conditions on the subject segment, with average travel speeds increasing and average
congestion indices dropping after modeling the implementation of the expansion.
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Figure 5-7 Link-Level Change in V/C Ratio from Base Case to Scenario 4
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Table 5-9 Comparison of Operating Performance Measures on Study Segments

Avg

Base Avg

Segment Design Congested

Segment Avg
Congested

Speed %

Base

Segment

Change

Avg V/C

Avg V/C

Speed*

Speed*

Speed*

1

95.6

79.0

92.7

17.3%

0.786

0.482

2

97.3

78.7

96.3

22.5%

1.027

0.476

3

99

97

98.6

1.9%

0.672

0.497

4

98.1

55.0

77.7

41.3%

1.797

1.034

All

98

71

88.4

24.4%

1.331

0.725

*Speeds given in kph; Average values weighted on a per-kilometre basis

5.6 Conclusions
This chapter explored the impacts of capacity expansion on four segments of
highways in the province of Ontario, Canada that had previously been identified as highly
critical. All of the segments are located in southern Ontario, near the Toronto region,
Ontario’s most densely populated and highly economically active region. The tested
segments were selected on the basis of actual proposed highway improvements by the
MTO and aim to capture their actual impacts on network conditions. Six modeling
scenarios were devised, one using the network as-is to serve as the base case, four to
explore the individual impacts of the segments’ expansion, and one to rest the combined
impacts of all four expansions at once. The modeling was undertaken for a forecast year
of 2036, as this is a reasonable time frame within which the road work for expanding
these highway segments can be completed and drivers can settle into consistent travel
patterns. Travel demand data for freight flows at the industry-level and for passenger
flows from a preceding study was implemented in the forecasting, using a linear growth
approach. The forecasted flows were then used in traffic assignment simulations for each
of the six scenarios.
Overall, the modeling results show that the capacity expansions on these four
segments result in improved operating conditions, with higher average travel speeds and
lower congestion on the segments themselves, higher throughput (increased VKT) and
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more efficient travel (decreased VMT) network-wide. The segments themselves appear to
attract increased vehicle flows and carry higher shipment value, which, given the
improvement in travel conditions points to an increase in economic productivity.
Scenarios 4 and 5 consistently stand out as having the most pronounced impacts, which
leads the authors to believe that of the four segments tested, Segment 4 (Highway 404)
has the potential to produce the largest network-wide benefits. This segment connects the
northern and southern portions of the region surrounding Toronto, a region of high
economic productivity, and runs parallel to Highway 400, which has previously been
identified as one of the most critical portions of this network. The expansion of Highway
404 can lead to the alleviation of congestion issues experienced in this area and add
redundancy to relieve the burden placed on the highly critical Highway 400.
The improvements in network operating conditions are not without their
drawbacks. Some interesting effects are noted when examining the resulting CO2
emissions in each of the tested scenarios. The increased flows drawn to the improvement
segments appear to lead to an increase in emissions in each of the tested scenarios, but
especially for the expansion of Segment 4, whose impacts appear independently in
Scenario 4 and, the authors believe, feature prominently in the results of Scenario 5 that
tests all four expansions together. Such findings could be due to the occurrence of
induced demand as a result of the highway improvements, where additional traffic is
drawn to the improved facilities to take advantage of their benefits, who would otherwise
not have chosen to route this way. Ultimately, induced demand has the potential to lead
to worse conditions on the network than were experienced before the highway
improvements (Hymel 2019). Proper traffic management strategies should be
implemented in conjunction with these highway capacity expansions to mitigate these
kinds of potential long-term impacts. While the network-wide operating conditions do
appear, from the modeling results, to improve overall, the emission values reveal some of
the unseen impacts that can arise from expanding highly critical infrastructure elements
and must be considered in the decision-making process for infrastructure investment.
The results of this work are meant to serve as a basis and starting point for
decision-making with respect to prioritizing infrastructure investments and become part
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of a cost-benefit analysis for proposed highway improvements at the provincial level.
Having access to a ranking of link criticality throughout the network with respect to
travel time impacts of link disruptions and economic criticality given by shipment values
provides a multi-dimensional framework for prioritizing investments. Comparing the
impacts of improvements along the most highly critical portions of the network can allow
decision makers to ascertain the benefits that can be attained from each proposed
investment. The benefits of these expansions can be quantified in terms of travel time
benefits, as well as vehicle and shipment value throughput. The costs, in addition to the
direct investment of the roadwork itself, should account for effects such as those due to
induced demand. Improved roadway facilities are usually likely to attract additional
traffic flows who reroute or reschedule their travel to take advantage of the benefits of the
improvements. Failing to account for the indirect effects of such projects can lead to a
temporary alleviation of congestion, but a return to poor operating conditions in the long
term. Additionally, research has shown that capacity expansions alone are ineffective in
alleviating congestion issues, precisely due to induced demand, so the solutions devised
must incorporate a variety of different improvements to the network. Following a
framework such as the one presented here can inform these decisions to ensure that the
necessary network-wide benefits are realized.
For the purpose of this study, the improvement scenarios were for capacity
expansions along critical highway segments. The MTO keeps records of additional
infrastructure performance metrics, including bridge and culvert conditions and level of
service (LOS), which would enrich future criticality research for this study area. Other
critical segments are, of course, present in Ontario that coincide with planned
infrastructure improvements. The same kind of framework as was presented in this
chapter can be applied to these in future work to inform a cost-benefit analysis that can be
used in ranking the priority of the investments. The technique detailed here for comparing
proposed infrastructure improvements can also be applied to other jurisdictions.
It should be noted that a limitation of this study is the exclusion of empty truck
trips. While the impact of empty truck trips is not to be ignored with respect to operating
conditions of highways, focusing on loaded trips accents the dimension of shipment value
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for economic criticality. The analysis should be expanded in future research for a more
holistic view of the impacts of roadway capacity expansions. Additional limitations of
this study include the traffic assignment approach, which assumed an empty network.
More accurate results would be obtained with a warm start. The assumption of linear
economic growth is another limitation. A closer inspection of economic trends can better
inform growth scenarios to produce more accurate forecasts of freight flows within the
province. Future work can explore scenarios of increased economic productivity (and
freight production or demand) in specific regions and for specific industry groups. The
addition of such dimensions to the analysis can enrich the predictions and provide a more
accurate forecast of network conditions and the effects of highway improvements that can
inform policy decisions.
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CHAPTER 6
CONCLUSIONS
6.1 Objectives Attained
This dissertation explored freight criticality in the province of Ontario and offers a
framework for identifying critical segments and model the impacts of their improvement.
Network criticality and related measures have been of increasing interest to transportation
researchers (Hosseini et al., 2016); however, the literature lacks an application to a multiregional study area. The research presented in this dissertation fills this gap in knowledge
by implementing a criticality analysis using the Network Robustness Index (NRI) to the
freight trucking network for the province of Ontario, Canada, to identify the network
segments whose failure would have the most significant network-wide impacts on freight
activities. Additionally, an economic dimension was added to the criticality analysis to
identify the links carrying the highest monetary shipment values with respect to specific
industry classifications. Together these measures are proposed as a means for selecting
infrastructure improvements and investments for prioritization. The framework presented
also offers insight into the impacts of infrastructure improvements, including unintended
indirect effects. The following objectives were attained through the research conducted
and presented in this dissertation.

6.1.1 Criticality Metrics
Network robustness, criticality, and related concepts are explored using a
sensitivity analysis on selected segments of Ontario’s highway system. The entire
province of Ontario is taken as the study area, with its 49 Census Divisions (CDs) and a
set of 25 external zones as the origin and destination zones. A set of traffic assignments
model the network-wide travel time impacts of increasing levels of link disruption by
applying and comparing the NRI and the resulting link-level traffic flow volumes in each
scenario. The simulations are meant to represent large-scale construction projects, which
are generally completed over a long enough timeframe so that road users are aware of the
lane closures and adjust their driving patterns accordingly. The link disruption impacts
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are quantified using the NRI analysis and compared to the traditional V/C analysis to
highlight the differences in the quantification of link disruption effects.
The research demonstrates that capacity reductions, especially along heavily
traveled highway routes, will diminish the network’s robustness, resulting in longer
network-wide travel times as drivers are exposed to increased congestion on and near the
affected segments. The disruption will also push some network users to alternative routes,
some of which will also experience traffic flows greater than they are designed to carry.
As expected, the most severe impacts of link disruptions occur closer to the affected
segment, becoming increasingly diffused further away. The largest changes in networkwide travel time are associated with the complete removal of the studied segments, as
expected. Since these segments represent portions of heavily traveled highways, their
respective total failure results in the rerouting of significant volumes of freight and
passenger traffic. An interesting effect was noted on some segments, where the largest
marginal change in NRI occurred when they were modeled with a reduction to a single
lane, indicating that the congestion and bottlenecking effect arising from this capacity
reduction would render these segments essentially closed, with considerable traffic
congestion, delays, and rerouted vehicles.
Observing the impacts of the disruption and failure of critical network segments
in the context of a multi-regional study area provides insight into both the localized and
large-scale effects on network users. The NRI is demonstrated as a valuable measure of
network robustness, specifically concerning freight activities, and the sensitivity analysis
highlights the importance of ensuring there are mitigation measures in place to avoid
these severe negative impacts.

6.1.2 Network-Wide Characterization
An analysis of the full Ontario transportation network was undertaken using the
NRI in Chapter 3 to characterize the nature of multi-regional activities, especially with
respect to freight. The NRI is chosen for its capability of simultaneously capturing the
network-wide effects of link closures with respect to network topology, link capacity, and
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origin-destination demand. An application of the NRI to a large, multi-regional study area
did not previously exist in the literature, and the research presented in this dissertation
demonstrates how it can be used to characterize the patterns of freight movements and
gain a deeper understanding of the associated economic activities taking place in the
province. An iterative procedure is implemented to calculate the NRI for each of the
35,254 links in the Ontario network by simulating a traffic assignment routine for each
link’s removal and determining the change in total network-wide travel time.
The results demonstrate that heavily traveled highways, important trade corridors,
and connections to the province’s northern regions, where fewer alternative routes are
available, are likely to lead to more severe network-wide degradation when disrupted.
The observations that are noted regarding the emergence of criticalities, for example on
highways near large metropolitan regions or industry clusters, can be generalized and
applied to other similar multi-regional study areas. It is noted that over half (54%) of the
network links show an NRI of zero, indicating that their removal is inconsequential to the
network-wide conditions. Of the remaining affected links, approximately two-thirds
(68.5%) result in a degradation of network conditions, shown by an increase in travel
time, if removed from the network. The remaining, smaller subset of links appear to lead
to an improvement in network conditions if disabled, which in most cases is a very slight
decrease in total network-wide travel time in the vicinity of the respective closed link.
These instances of Braess’ paradox can be attributed to the redistribution of freight and
passenger traffic to under-utilized nearby alternative routes, thereby locally alleviating
congestion.
Another facet of the analysis examined the distribution of NRI among the various
lane capacities of roads in the network. The most commonly occurring values appeared to
be NRI values suggesting moderate degradation in network conditions (NRI between 100
and 5,000) on 2- to 4-lane links. This same NRI range is also most noted on the highercapacity links. These findings shed light into the effects that are expected to be
experienced more commonly, as well as the less frequent but more severe impacts due to
network disruptions.
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6.1.3 Economic Criticality at the Industry Level
A new dimension was added to the criticality analysis through the incorporation
of economic activity on the network by exploring industry-level spatial interactions of
freight activities. Six mutually exclusive groupings of industry classifications were
defined to represent those industries whose activities and associated goods or services
movements are expected to have similar characteristics. In the absence of detailed
industry-level freight demand information for the study network, a novel methodology
was presented for disaggregating trucking flows by industry classification and estimating
industry-level freight demand, as well as shipment values. Using the aggregate
provincially administered Commercial Vehicle Survey (CVS) and a dataset of individual
truck tracking records, including industry classification, the OD demand can be estimated
for each industry grouping. Additionally, using the CVS shipment value data and the
estimated industry breakdowns, estimates are also made of shipment value at the industry
level. A multi-class traffic assignment reveals the industry-specific freight activity
patterns for the province of Ontario, as well as the economic flows on the network’s
links.
Building on the previous characterization of the Ontario transportation network
using the NRI (which considered the total freight and passenger flows), the industry-level
analysis reveals the intersection of severe impacts to travel time (given by the NRI) and
economic impacts (given by the shipment value present on links). The major trade
corridors of the province are once again highlighted as highly critical, as well as the links
leading to the major border crossings with the US, and northern connector routes. Of
course, correlations arise among the spatial patterns of freight flows for the different
industries, indicating that some criticalities will also be shared between different industry
groups. Some interesting effects are noted for the patterns of freight activities generated
by each industry grouping, where some industries (e.g. Manufacturing), which have a
predominant market share of the demand, do not experience as many criticalities as
expected with respect to shipment value. A diffusion is expected to be occurring in these
cases, where the establishments belonging to these industries are dispersed throughout the
province, resulting in the freight activities similarly becoming more dispersed to ensure
that the respective goods are transported to their destinations. The analysis also shows
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that critical links are most likely to be shared by two industry groups, corroborating the
correlation analysis showing the existence of similarities in the spatial interactions of
different industries.

6.1.4 Building a Framework for Analyzing Proposed Infrastructure
Improvements
Using the observations gathered through the different dimensions of criticality
analysis explored, the framework for identifying network criticalities can be used to
match proposed infrastructure projects with highly critical network segments. This
overlap allows for an identification of the projects that would address the most critical
network segments for potential prioritization. An assessment of the impacts of proposed
investments reveals the impacts of each project, which can provide additional evidence
towards prioritization. The case study presented in this research explores the impacts of
four highway expansion projects, forecasting to the year 2036, when the projects are
expected to have been completed and network users will have settled into determinate
routing patterns. Comparing the improvement scenarios to the base case provides insight
into the impacts of each project on the network conditions. Network-wide performance
measures, including VKT, VMT, and vehicle flow volumes, emissions estimates, as well
as segment-specific analyses of changes in average congestion index and travel speeds
are compared across the scenarios. Of the four highway expansions compared, the
research points to the largest benefits arising from improvements along Highway 404.
The change from the base case, where the forecasted traffic flows are assigned to
an unaltered network, is explored for each highway expansion scenario, including one
scenario where all four segment expansions occur together. In general, the expansion
projects result in increased passenger and truck flows, as well as increased shipment
values crossing the subject segments, indicating that these improvements do serve to
benefit economic activities through increased freight throughput. The network-wide VKT
remains relatively unchanged across all scenarios, however, the VMT shows a significant
reduction in conjunction with the Highway 404 improvements. A reduction in VMT
indicates that traffic is able to traverse the network more quickly as a result of the
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highway improvement. The drawback of this benefit, however, is that this segment’s
improvement also results in the largest increase of CO2 emissions. The Manufacturing,
Transportation, and Trade industry groups experience the largest proportional increase in
emissions compared to the base case. The potential for induced demand effects is
explored as a cause for the negative effects, as new infrastructure facilities tend to draw
traffic flows that normally would have routed otherwise. An analysis of the improvement
segments themselves demonstrates that the proposed expansions do serve to increase the
average travel speed and decrease the average congestion experienced on these segments.

6.2 Policy Implications
While the current worldwide yearly investment in infrastructure (transportation,
power, water, and telecommunications systems) is about $2.5 trillion, it is estimated that
an average investment of $3.3 trillion per year will be required to support the expected
rates of growth. Strategic investment, maintenance, and use of infrastructure facilities can
support up to 40% of the world’s infrastructure needs (Woetzel et al., 2016). The solution
to more reliable transportation infrastructure, then, lies not in simply building additional
new facilities, but in a combination of maintenance, expansion, and new construction to
maximize the network-wide benefits and encourage economic productivity and growth.
The research presented in this dissertation informs a set of proposed guidelines for
policies to this end.

6.2.1 Identifying Criticalities
The results from the sensitivity analysis show the impacts of increasing levels of
capacity disruption along heavily traveled highway segments. The most severe impacts
are noted to occur in the vicinity of the affected segments when such a disruption occurs
and diffuse further away, but the extent of the impacts will depend on the characteristics
of the segment and surrounding region. The network’s topology and availability of
alternative routes to the disruption, the freight and passenger demand in the region, and
the capacity on available routes will all influence the severity of the disruption impacts,
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along with the volumes of traffic needing to reroute. Scenario analyses such as this,
where a full NRI analysis is not required, can allow decision makers to formulate
mitigation measures to alleviate the impacts of disruptions, whether partial or full.
The full NRI analysis provides insight into the characteristics of the transportation
network and the spatial interactions of freight and passenger activities taking place.
Knowing that the most commonly experienced impact due to link disruption represents a
moderate delay (NRI in the range of 100 to 5,000) and that these impacts are most likely
to take place on 2- to 4-lane links can lead to strategies to prepare against such effects.
Similarly, knowing that the most severe consequences of link disruptions occur on vital
trade corridors, heavily traveled highways, especially in the densely populated and highly
economically active Toronto region, as well as along the connection to northern Ontario,
policies can be put in place to be prepared for the worst-case scenarios. Generalizing the
findings of the province-wide NRI analysis can also serve as a baseline guide for
jurisdictions outside of the province of Ontario, as these characteristics will hold true in
other similar multi-regional economically active areas.
It is also valuable to add the economic dimension of criticality to the time-delay
impacts of link failures. While the province of Ontario will have access to industry-level
freight flows and shipment values, the methodology for disaggregating freight flows by
industry are of value to other researchers who do not have ready access to such detailed
datasets. There is certainly an overlap between links whose disruption will result in
severe time-delay impacts (high NRI) and links with high economic criticality (high
shipment value flows). This research shows how these metrics apply to different industry
classes and the results can inform policies for investment in improvements both for the
protection of specific, individual industry activities, as well as for multiple sectors of the
economy.

6.2.2 Prioritizing Infrastructure Investments
The case study analysis in Chapter 5 shows how the impacts of infrastructure
improvement projects can be assessed to inform cost-benefit analyses for decisions
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regarding the prioritization of infrastructure investments. The network-wide and industrylevel benefits are quantified with respect to network operating conditions, economic
throughput, and vehicle flows. The results highlight the potential emergence of indirect,
unintended negative impacts, such as those due to induced demand. A renewed and
improved highway facility has the potential to attract traffic flows that would otherwise
not route to it by offering improvements in speed, travel time, and lower congestion. As a
result, the induced traffic can lead to greater congestion and other associated impacts,
such as pollutant emissions, that can negate the benefits brought on by the project. This
research can help mitigate the impacts of such unintended effects.
The case study forecast to the year 2036 assumes that demographic and economic
growth will continue in Ontario following a linear trend. This assumption, however, can
easily be modified to reflect various other assumptions. For example, if a region is
expected to receive a larger volume of immigration, changing the demographic
distribution in the province, or a region is forecasted to experience a boom or sudden
decline in industry, changing the magnitude and distribution of freight demands, such
scenarios can be applied to this criticality framework. Scenarios can be tested and
analyzed in the framework to identify criticalities, compare the impacts of proposed
infrastructure investments, and select those that will best mitigate the issues arising from
critical link failures. The economic, industry-level component allows these investment
decisions to ensure that maximal network-wide benefits are attained, not only in terms of
driving conditions for network users, but also safeguarding the provincial economy and
encouraging its growth.

6.3 Scholarly Contributions
This research conducted a network-wide NRI quantification analysis for the entire
province of Ontario, applying this measure on a large scale that has previously not been
explored. The addition of economic metrics provides a multi-faceted approach to
criticality analysis. Through achieving the set-upon research objectives, this dissertation
provides the following contributions to the transportation literature concerning freight
network resilience and criticality:
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•

A better understanding of the spatial interactions of freight activities in the
province of Ontario and how these relate to the emergence of criticality impacts to
the network as a whole

•

Demonstration of the effectiveness of the NRI in evaluating the criticality of truck
freight networks

•

Identification of network criticality trends for a transportation network serving a
large scale multi-regional economically active area

•

A methodology for estimating industry-level freight flows and shipment values
from available data, in the absence of detailed disaggregate data

•

Evaluation of the spatial interactions of freight flows arising from different
industry groups and their relationship to the resulting link criticalities

•

Identification of network criticality using a combined measure of travel-time and
economic effects

•

Evaluation of a criticality framework for assessing real-world infrastructure
investment projects and their network-wide impacts

6.4 Research Limitations
A key limitation encountered in the modeling approach arises from the traffic
assignments using an initially empty network, especially since a single peak hour of the
day was modeled. With an empty network, once user equilibrium was achieved and the
passenger and freight flows were assigned, a large proportion of links remained empty,
which may not reflect real-world conditions as well. To overcome this, a warm
simulation start would have produced results that would approximate the network
conditions more closely.
The NRI approach undertaken also gives rise to a limitation, since the simulations
focus on long-term link or segment disruptions, where drivers are assumed to have
knowledge of the disruption and settle into new routing patterns. The scope of the types
of disruptions that can be modeled is, then, limited to those events that would have longlasting effects, rather than short-term, acute events, which fall out of the scope of this
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research. Additionally, the link-by-link NRI approach only considers single link failures
in order to quantify the disruption impacts, which is not entirely reflective of a real-world
experience. As was discussed in the preceding chapters, the large extent of the Ontario
road network can lead to a diffusion effect of the disruption impacts, leading to the
potential for different criticality rankings when examining the provincial network as a
whole or a localized region. A combination of NRI and other localized analysis tools is
recommended to produce a full picture of link failure effects.
Full-scale NRI analysis for such a large network is time-consuming and
computationally intensive. Repeating this kind of quantification with new data or
forecasting to future conditions will require an investment and commitment to the data to
ensure that it serves its maximal benefit. As it stands, the NRI characterization and
criticality analysis presented here forms a basis and starting point on which future work
can build. The generalized observations can be carried forward to future years and other
study regions.
With respect to the freight flows used in the analysis, the set of freight trips
introduced into the modeling lacked representation of private trucking activities,
consisting mostly of for-hire carriers. While the resulting freight demand showed a high
correlation to the observed flows on the network, modeling private fleets can provide an
additional dimension to the analysis of freight spatial interactions. Empty and less-thantruckload (LTL) trips were also excluded from the analysis due to the nature of the
datasets used to build the freight demand matrices. Such shipments, however, are
expected to have a visible impact on the freight trips present on the network (GonzalezCalderon et al., 2021; Raothanachonkun et al., 2007) and, if data is available, should be
incorporated. Additionally, Chapter 4 points to the sparsity of data concerning the
Primary Industry grouping and its exclusion from the shipment value analysis. Due to its
small market share of total freight activity, it was difficult to characterize this industry
class.
Lastly, the case study applications of the framework are limited to highway
capacity expansion projects, which have been shown ineffective in alleviating congestion
issues on their own. Of course, at the level of provincial decision making with respect to
168

infrastructure improvements, a variety of projects and investments will be compared.
Likewise, the linear growth assumption in forecasting the passenger and freight travel
demand in Chapter 5 may not hold true in reality. A more accurate forecast will account
for expected demographic, economic, and industry changes throughout the province.

6.5 Future Research
The province of Ontario is a significant contributor to Canada’s economic growth
and freight activities throughout the province are a vital component to this end.
Safeguarding the infrastructure that allows the movement of goods and services to flow
efficiently is essential. While this research provides a baseline for criticality analysis,
future research can certainly build on this foundation. Various simulation scenarios can
be undertaken to explore the impacts of different kinds of segment disruptions, since the
nature of a closure is likely to impact the way in which drivers relate to it and the
resulting traffic movement patterns. Directionality has been shown to be an important
component in criticality, where certain links are critical in only one direction, or opposing
criticality effects can be felt on reverse directions of the same roadway segment. These
effects will shed more light into the nature of economic activities in Ontario and the
importance of freight movement patterns.
At the link-level, additional dimensions can be added to provide depth to our
understanding of criticalities. The changes in congestion resulting from disruptions, the
link design speed, and link capacity are all related to network resilience and influence
criticality. While this research explored economic criticality in terms of shipment value
on links, an additional element to be added is the value of time and the cost associated
with delayed deliveries of various kinds of goods. The industry-level analysis allows for
this kind of differentiation, since certain goods are associated with specific industries and
are expected to be reflected in their freight movements. This framework provides the
basis for this kind of examination, but it can be further improved by incorporating an
MRIO model to be able to look at the in-depth impacts that would arise from the
disruption that impacts one industry in terms of economic productivity.

169

The presented framework, as has been mentioned, was only applied to the
assessment of highway expansion projects. This can certainly be extended to other types
of projects using a similar approach and quantifying the resulting impacts. Different
forecasting approaches and assumptions can also be implemented in the final stage of the
framework to test for various scenarios of economic development in the province, which
would give rise to unique freight transportation challenges. Additionally, just as the case
study presented a scenario of simultaneous infrastructure improvements, models can also
be compared for simultaneous link disruptions and the disruptions of connected,
consecutive road segments as might be experienced in the presence of severe roadway
accidents such as those involving dangerous goods, structural failures, terror attacks, or
severe weather events. This kind of analysis would provide additional realism to this
analysis, since link disruptions rarely occur in isolation.
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